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ABSTRACT

At the upper-tropospheric boundary between air pgsbe vertical shearing at the jet
stream combined with the ageostrophic convergehpelar, subtropical and
stratospheric air produces a region known for dteptial for clear air turbulence called a
“tropopause fold.” These features are evident ialliz-observed upper tropospheric
water vapor by the large-scale spatial gradientsightness temperature, which define
boundaries between the air masses. The tropopalasextends from this boundary to a
limited distance into and underneath the wettemass.

The Tropopause Folding Turbulence Prediction (THI®§uct is designed to locate
these regions in the atmosphere and identify tbioses most likely to produce turbulent
flight conditions for aircraft. The upper-tropospieevater vapor channel of the GOES-R
Advanced Baseline Imager (channel 8) is the solarceesolving gradients that reveal
the horizontal distribution of tropopause folds. @&mcillary numerical weather model
constrains these features vertically in the atmesphThe four key output products
consist of two fields that define the lower and eiplpounds of the tropopause fold
features, and two fields that define the two flightctions that are the most susceptible
to moderate or greater turbulence.

This document lays out a high-level descriptionhef algorithm: the procedural flow; the
characteristics of the input/output; a detailecbth&cal description; an account of test
data sets, validation data and algorithm perforraamith pre-launch input/output
examples; practical considerations; and assumpénddimitations of the algorithm.



1.0 INTRODUCTION

This algorithm theoretical basis document (ATBD9\pdes a high level description of
and the physical basis for the detection of voluofadynamical instability due to
tropopause folding leading to aircraft turbulentiee algorithm uses images from the
Advanced Baseline Imager (ABI) flown on the GOESdries of NOAA geostationary
meteorological satellites. This is an end-produth wo dependent ABI products.

1.1 Who Should Use This Document

The intended users of this document are thoseestien in understanding the physical
basis of the algorithms and how to use the outptltie algorithm to optimize the
turbulence detection for a particular applicatidrhis document also provides
information useful to anyone maintaining or modifyithe original algorithm.

1.2 Inside Each Section
This document is broken down into the following maéections.

» 2.0 0Observing System Overview: Provides relevant details of the ABI and
provides a brief description of the products geteerdy the algorithm.

» 3.0Algorithm Description: Provides the detailed description of the algonith
including its physical basis, its input and itspouit

* 4.0Test Data Setsand Outputs: Describes the forms of input data set to test the
algorithm pre-launch and characterizes the outpta.d

» 5.0 Practical Considerations: Presents the relevant issues involving numerical
computation, programming and procedures, qualggssment/diagnostics and
exception handling.

* 6.0 Assumptionsand Limitations: Provides an overview of the current
limitations of the approach and gives the plandiegrcoming these limitations
with further algorithm development.

1.3 Related Documents

This document currently does not relate to anyrafleeument outside of the
specifications of the Mission Requirements Docuni®RD) and to the references given
throughout.



1.4 Revision History
Version 0.1 of this document was created by Drhany Wimmers and Mr. Wayne

Feltz of UW/CIMSS to accompany the delivery of #egsion 0.1 algorithm to the
GOES-R AWG Algorithm Integration Team (AIT).
Version 2.0 is written to meet the 80% deliveryuiegment due to the AIT in May 2010.

Version 2.1 addresses comments from outside reveearel documents QC variable
inclusions
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2.0 OBSERVING SYSTEM OVERVIEW

2.1 Products Generated

The TFTP algorithm calculates volumes of the atrhesp where turbulence due to
tropopause folding is more likely to be experienbgaircraft. It also calculates the
directions of flight in which turbulence is expetttdt does noprovide a complete
account of all volumes of the atmosphere pronetoulence due to other factors such as
mountain waves or convection.

The volume of atmosphere containing tropopausesfsidonstrained by the first two
output fields — Lowermost height and Uppermost hieiRegions without tropopause
folds, which constitute the majority of pixels afyeoutput field, are marked with missing
values.) The second two output fields describelttextions of flight prone to turbulence
— “Caution directions” #1 and #2. The output praduneet the algorithm product
requirements listed in Table 1.

Table 1. Product Requirements.

Threshold
Geogr aphic Coverage Full Disk Mesoscale
User & Priority GOES-R
Vertical Resolution Sfc — 100mb
Horizontal Resolution 2 km
M apping Accuracy 1 km

Binary yes/no detection above boundary layer for

Measurement Range Moderate or Greater (MOG) turbulence

M easur ement Accuracy 50% or greater detection of MOG turbulence
Product Refresh Rate/Coverage (M ode 3) 15 min 5 min
Product Refresh Rate/Coverage (M ode 4) 5 min 5 min
Vendor Allocated Ground L atency 159 sec

Product M easurement Precision N/A

Temporal Coverage Qualifier Day and night

Quantitative out to at least 70 degrees LZA and

Product Extent Qualifier gualitative at larger LZA

Clear conditions down to feature of interest assed

Cloud Cover Condition Qualifier with threshold accuracy

Over the lengths of separate flight transects thincthe

Product Statistics Qualifier : o S
region of positive prediction

11



The turbulence observation requirements are suragthbased on the GOES-R Series
Ground Segment (GS) Functional and Performanceif@agion (F&PS) (NOAA/NASA
2008).

2.2 Instrument Characteristics
The TFTP uses the following channel set from thd:AB

» Calibrated brightness temperature from channelB(gm)

The TFTP product images are produced at the terhaodaspatial resolution of the ABI.
Currently this equates to one CONUS product evaniriutes and one Full Disk product
every 15 minutes. The spatial resolution is 2 kh fie mapping accuracy is 1 km.

Because the TFTP relies heavily on the computatfaradients in a water vapor
channel of the ABI, it is highly sensitive to sdaelnoise. It is comparatively insensitive
to more random noise, such as thermal noise, becauses a spatial filter (~66 km
wide) to smooth out such distortions. A qualitygfhat indicates the output pixels
affected by scanline noise is still in development.

The TFTP algorithm can be easily adapted to wotk wany satellite’s upper tropospheric
water vapor channel because the gradient signadneeso similar between various
wavelength bands sensitive to upper tropospherterwapor. Calibration/validation is
performed with GOES-12 channel 3 (water vapor) {{§es 4.2 and 5.5).

12



3.0ALGORITHM DESCRIPTION

The following is a complete description of the altfon at the current level of maturi

3.1 Algorithm Overview

The tropopause folding turbulence product (TFTR)esigned to resolve volumes
dynamical turbulence caused by tropopause fold# atass boundaries. Tropopal
folds are located by their association with gratien moisture, which are evident ir
band in the ABI sensitive to upper troposphericevaapor.

This routine uses the ABI 6.1 um water vapor chatimfer the presence of tropopat
folds in the midtroposphere and upper troposphefiest calculates the GOES Lay
Average Specific Hmidity (GLASH) product from the water vapor chahaed mode
temperature fields. Largscale gradients in specific humidity indicate trppose break:
and the routine designates a ~22z-wide tropopause fold extending from t
tropopause break bound. The inner edge of the tropopause fold extendiognfthe
tropopause break is named the "ridge" (after "ge the gradient field) and the si
that is the outer edge is named the "reach” (Figu

“Reach”

Figure 1. Example of Ridge and Reach featuin the TFTP algorithi.

The height of the tropopause fold "ridge" is theghtof the lowest thermal tropopat
in the vicinity (because a tropopause fold extedwsn from the tropopause of the coli
side). The height of the "reach” is the heightha&fisentropic surface 5K below ti
potential temperature of the "ridge." The rangaeifjhts that bound the tropopause 1
volume is based on these two heights of the e

The orientation of the tropopause fold is usedhferithe orientation of turbunt eddy
axes. The most common way for an aircraft to exgpee turbulence is for the flight pe
to be oriented perpendicularly with the eddy aXiserefore this routine also outputs
range of flight directions that are the most likedyexperienceurbulence

13



In its current application to identify areas ofcaaft turbulence due to tropopause folding
with the highest possible accuracy, we producddt@wing product fields:

* Lowermost height of the distribution of regions pedo turbulence

* Uppermost height of the distribution of regionsn@do turbulence

» Range of directions in which a flight pattern ismpe to turbulence within the
given regions because turbulence is direction-teagiwo fields for each
opposing direction)

3.2 Processing Outline

The processing outline of the TFTP is summarizefigures 2 and 3 below. The current
TFTP is implemented within the GOES-R AWG Framewditke Framework provides
the input imagery and ancillary NWP fields. Unlik®st of the other products that are
part of the framework, the TFTP operates on verydaegments of data in a single
iteration. Most products process a few scan linestane. However, the TFTP processes
the entire image at once for a northern hemispineage, and processes a full disk image
as two segments (the northern and southern halves.)

14
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Figure 2. High Level Flowchart of the TFTP illustrating th&ain processing sections.

Input Data:
GOES-12 or simulated ABI

Imager channels used:
3 1GOES-12), 9 (ABI)

Algorithm Dependencies:
None

Ancillary Data Dependencies:

NWP: 0.5 10 1 degree temperature,
pressure heights, tropopause height (if
available)

Products Generated:
Tropopause fold distribution
Tropopause foid lower height
Tropopause fold upper height
Hazardous flight direction #1
Hazardous flight direction #2
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Figure 3. Detailed Level Flowchart of the TFTP illustratitige main processing sections

in expanded form.

3.3 Algorithm Input

I

3

Assign tropopause fold object attributes

Caleulate the tropopause pressure in
the image domain [CalcTropPressure]

¥

Process the tropopause grid into
values on the colder side of the
boundaries [CalcErodeGrid]

Interpolate processed trop, pressure
to the coordinates of the Ridge paints
[Bifinearinterp]

Assign upper and lower heights 10
Ridge and Reach sides of trop. folds
[CalcRidgeAndReachValues]

Interpolate edge (Ridge and Reach)
atiributes to the grid, calculate
directions [CalcFoldGrids]

Space Science & Engineering Center
University of Wisconsin - Wadisan

> sin-
1225 W, Dayion S,
SSEC Madison, Wi, 53706

Detailed flowchart: tropFolds

T T
‘ | 32010 ‘MW| 1of1

¥

Convert atfributes o output into the
satellte navigation [Main]

1

Output to
Framework

)

End

This section describes the input needed to prabessFTP.

3.3.1 Primary Sensor Data

The item below describes the primary sensor datd bg the TFTP. By primary sensor

Input Data:
GOES-12 or simulated ABI

Imager channels used:
3 (GOES-12), 9 (ABI)

Algorithm Dependencies:
None

Ancillary Data Dependencies:

NWP: 0.5 to 1 degree temperature,
pressure heights, tropopause height (if
available)

Products Generated:
Tropopause fold distribution
Tropopause fold lower height
Tropopause fold upper height
Hazardous flight direction #1
Hazardous flight direction #2

data, we mean information that is derived solatyrfithe ABI observations and

geolocation information.

» Calibrated brightness temperature for channel B5(fm, water vapor)

The product cannot be generated without data flasnchannel. However, because of the
heavy use of spatial averaging in this channelptbeuct quality is not degraded with
any uniform brightness temperature bias or themoadle less than 4 K. Scan line noise
would pose a significant problem, and this posgybitill be handled in a future release
with scan line noise quality flags.

16



3.3.2 Ancillary Data

The following items list and briefly describe thecdlary data required to run the TFTP.
By “ancillary data,” we mean data that requiresinfation not included in the ABI
observations or geolocation data.

» Global forecast system (GFS) model temperature and pressurefields
Model temperature fields are used in creating thA%H image, because
temperature fields are necessary to adjust therwapor image of brightness
temperature to vary only according to moisture. perature fields at any given
time are interpolated from available fields at G+shtemporal resolution. Only
levels 300, 400 and 500 hPa are used. In addigomperature and pressure fields
at all levels are used to compute the tropopaugfhiéit is not included in the
model fields

* Global forecast system (GFS) model tropopause height fields
Model-derived tropopause heights are necessaryéovertical assignment of
tropopause fold regions.

3.3.3 Derived Data

The GLASH product is derived internally (Sectiod.2). When a tropopause height is
not included in the ancillary model fields, it is@aderived internally.

3.4 Theoretical Description

This section describes the physical processeseatdres that the derived product seeks
to estimate, the methods used to locate thoserésatund the output products that
constrain these features in space.

3.4.1 The Physics of the Problem

Our algorithm focuses on turbulence in upper-trgpesic frontal systems, which have
been investigated for decades as a dynamicallyeaatid varied atmospheric
phenomenon. A natural first step toward understanthie physics of the problem may
seem to be a characterization of some indicatturbilence similar to the Reynolds
number in a mathematically simplified case of apardevel front. However, a definitive
mathematical indicator of atmospheric turbulencesdwot exist. Even in controlled
laboratory experiments, the Reynolds number ofiig ik only a general guide as to the
tendency of the fluid to change from laminar tdtdent flow, or to indicate the strength
and spatial scale of ongoing turbulence. The dgveént of eddies that receive energy
from the background flow and deliver it to smaled smaller physical scales is part of
the chaotic and stochastic properties of fluid fle@verely limiting its predictability.

The turbulence with which we are concerned is fir@priate scale of eddy activity
whose effects are experienced by aircraft. Thisbmaapproached by way of the larger

17



mechanisms that cause the phenomenon; howeveg, itiexshanisms are still genere
understood and communicated either descriptivelynoa cas-by-case basis wit
atmosphed models. In either approach, one must still bridhgeegap between theory a
observation with empirical relationships. Thus, best method for presenting t
physics of the problem as follows is to briefly suarize the science of upf
tropospheric fonts, explain the sources of turbulent flow in théents descriptively an
connect this activity empirically to the experiemdaircraft turbulenc

A mature characterization of upf-air fronts was not possible until intensive fli¢
campaigns in 8 1960s and 1970s, and the modern theory of frirdget stream and tt
tropopause developed in tandem with the interpogtatf aircraft data collected fro
these campaigns (Shapiro and Keyser, 1990). A leayant of the upp-air front is the
tropopause fold (Figure 4), which is a “tongue” of stiggberic air drawn into the €
mass boundary by ageostrophic forcing (Keyser.e1886; Holton et al., 1995). In
figure below, the dominant component of the wintbery is directed out of the pa,
which is consistent with the geostrophic flow. Hee®e in the theory of extratropic
cyclonic development, the orthogonal ageostrophichilows roughly parallel to th
windspeed contours in this cr-section, and clockwise. This acts to deform
intensify, or in other words “sharpen” the air masandary and draw stratospheric
into this transitional region (Keyser and Pecnit®85a,b; Reeder and Keyser, 19¢
The evidence of the stratospheric influence of lesndary is the concentraticof
ozone, aerosol and especially the elevated potemwtificity (Danielson, 1968’
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Figure 4. Cross section through a tropopause folding evesrhfShapiro (1980
Potential temperature (K) think solid lines; wingeed (m ™) heavy dashed lineflight
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track, thin dashed lines; the 100 x 7" K mb* s* potential vorticity tropopause, hea
solid line; troposphere, stippled art

In the typical uppesir front this tongue of stratospheric air is deéited by a clee
gradient in potential vortity at its boundary. Potential vorticity is a cement
conservative tracer for stratospheric air, bubd@andaries are also indicative of 1
location of vertical shear, which can lead to tlebae.

The interior of the tropopause fold is thermistable but highly vertically sheare
However, the upper and lower boundaries of theojpapse fold are similarly sheared
lacking in the same thermal stability, making thesgons more prone to turbulen
Indeed, Shapiro (1981) derives the dynalshowing that this turbulence is necessary
maintaining the high momentum gradients across$rame.

To underscore this point, Shapiro (1980) presetiteevidence for intense mixing acrt
the boundary of the tropopause fold: a flux of azgstratispheric origin) outside of tr
tropopause fold and a flux of aerosol (tropospherigin) into the tropopause fo
(Figure 5). Chemical mixing of this type has sibeen confirmed in other aircre
campaigns (e.g. Johnson and Viezee, 1981; Cho, 4€99) and with lidar observatiol
(e.g. Browell et al., 200:
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The vertical shearing and lower thermal stratifmain the upper and lower boundar
of the tropopause fold (highlighted in an idealireddel in Figure 6) generate favora
instability metrics that bear some relationshipht® experience of turbulence, such as
gradient Richardson number (where a lower valueatds more instabilit

9%
T, o2
3 )

(%))

or the Diagnostic TKE function (DTF3, where hir values indicate more instabilit
e (Marroquin 1998)
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wherec, ¢; andc;z are fixed; anKy andPr are adjustable constants.
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Figure 6. Idealized crossection of a tropopause fold, with a projectiorttad distanc-
theta space in light gray. Blue and red lines ao¢gmtial temperature contou
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When estimating the location of tropopause foldstfisatellite observations, the slant of
the frontal boundary, its width and its verticaglacement are not known with enough
precision to distinguish the upper and lower boupndBhus, the region of interest in the
vertical cross section becomes the entire tonguleeofropopause fold. In the projection
of the tropopause fold cross-section into distaheta space, this region of interest is a
thicker, single slab, slanting into lower potentehperatures with distance from the
opening, or “break,” of the tropopause fold (Figdje

DJF, 70<a<120, noWrap, LOG

delta Theta; Pirep minus Trop fold

05 1 15 2 2.5 3
Distance from trop break, gcd

0 0.06 0.12 0.18 0.24 0.3

Figure 7. Frequency of Light or Greater (LOG) turbulencerfr&DR reports (December
2004 to February 2005) after applying all selectovégeria. The white polygon delineates
the region in which the TFTP predicts turbulenceridontal distance is Great Circle
Degrees (1 GCD = ~111 km).

The above figure is the compilation from a previBusionth validation using Light or
Greater (LOG) turbulence automated observatiorsysty that LOG turbulence occurs
at the scale of commercial aircraft speeds and suzth impressive frequency in the
vicinity of tropopause folds (a frequency of 20%eech minute of flight) (Wimmers and
Feltz, 2005). A more thorough validation that addes the TFTP product requirements
is presented in Section 4.2.
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3.4.2 Mathematical Description

The TFTP algorithm processes images from the -tropospheric water vapor chant
to resolve their most prominent upper air mass tatias and then project the prese
of tropopause folds out from those boundaries. kénthany other GOE-R algorithms, it
does not retrieve atmospheric properties withigleipixels individually. Rather,
operates on synoptgeale grids of pixels and derives geometric shapdsvolume:
from the data.

First, the algorithm calculates a derived proccalled the GOES Lay-Average Specific
Humidity (GLASH). The GLASH product is the operdiod the subsequent ec-
detection operations, because it resolves air massdaries more effectively than t
original water vapor channel brightness temperat(Figure 8).

- = ¥

q.o9kg — 05 07 02 04 08 — |
: L TN b
[ ===l

(GOES-I_O \\AY% Ch) .-(GLS-H product)

Figure 8. Left column: GOE-10 water vapor channel brightness temperature iorc
and grayscale; right column: GLASH product produéesi this image, in color an
grayscale.

The mathematical basis for the GLASH product ifodews. Soen and Bretherto
(1996) approximated the water vapor channel brigggriemperaturTs 7) as a function
of upper tropospheric relative humid
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RH
Iog(—sgj =a-blT,,, or

3)
log(RH)- log(cod) = a- blT,,

where@is the satellite zenith angle arajlf) are constants. According to the derivation in
Wimmers and Moody (2003), the relative humiditymtezan be further separated into

specific humidity and an ancillary upper-troposphiégmperature field by the Clausius-
Clapeyron relationship:

log(RH) = log(q)- cT +¢,, (4a)
whereT is the weighted average of upper-tropospheric &atpre:
T =0.25T,, +0.50T,, + 0.25T, (4b)

and wherel 3o indicates the temperature at 300 hPa, and soanbiding Equations (3)
and (4) produces the GLASH product:

GLASH = ¢, log(g)+¢c,, = T;,— T — ¢, log(cosd) +c. (5)
The GLASH product isolates the specific humidityiaace in the satellite signal, which
IS a quasi-conservative atmospheric tracer thawalla very easy identification (and
guantification) of air mass moisture and air massngaries. In our algorithm’s
calculation of the GLASH product,

GLASH=T_,-T -8.9K [log(cosd) + 24(K . (6)

Air mass boundaries are readily identified by tlgeadients of specific humidity, which
are the greatest in the upper troposphere at biedke tropopause height (Figure 9).
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Figure 9. Cross section of a tropopause fold illustrating thiéerence in the retrieve
upperiropopsheric water vapor levels from GLA:!

To show how the GLASH product is processed toaetrithese boundaries, we mc
from the vertical transect frame of refnce used in the several previous figures tc
horizontal satellite image dome

Beginning with the GLASH image we apply a coarsedftective clour-clearing
formula:

GLASHGLASH<23X) =23X. (7)

The image is then smoothed (“blurred”) with a ssian smoothing parame o= 0.30
e degrees (33 km, meaning a smoothing kernel dianoéte6 km).

GLASHsmoothe) =
i0+N  jO+M
G, * 1 (®.6,) = Z ZWQQO,HJO,Q,QJ,U)D(Q,H-), (8a)
i=i0-N j=j0-M

where
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- (¢| _(40)22 _ (61 _8210)2 (8b)
2(osed;) 20

Woe |0!9j01§0|,6j ,U)=CBEX

and
j0+N  jO+M 1
c=| DL D Wy |0'9107¢’w91’0) ; (8c)
i=i0-N j=j0-M

wherel is the input ilage, ¢ 6) are the longitude and latitude, ang, &) is the point
being operated on.

The resulting output grid is shown in Figure

:

»

decreasing specific humidity
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Figure 10. a) GLASH product from a GOF10 water vapor channel brightne
temperature image, with a 23:threshold; b) A “smoothed” result of this ima

A simple gradient magnitude function allows a gitative view of the major boundari
(Figure 11).
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Figure 11. a) Smoothed version of GLASH product; b) Gradieagnitude result, with .
threshold of 3.2.

Next, a contour along the va
0% =0 9)

draws line segments along the image boundarigkidriormula,l is the input image (th
smoothed GLASH image), and the laplacian operatadjusted for geograpf
dimensionsin the parlance of digital image processing thihé“Laplacian zel-
crossing.”

Only the line segments inside a gradient magnitboEshold of 3.2 K de® are kept
(Figure 12).

latitude
latitude

dan A% -1.;90 -1;0 -130
longitude longitude

<150 =120 110 ~100

Figure 12. a) Gradient magnitude image; b) Contours of thddaf@n zero-crossing
(explained in text) to resolve major image bounds

In order to produce physica-based estimates of tropopause fold locations flese
line segments, the boundaries from Figure 10b sed as one side of a tropopause
anchoredd the tropopause break. The opposite side of tp®prause fold, reaching ¢
into the troposphere, is positioned 2 degrees Ka2Pout and toward the higher humid
side of the tropopause break (Figure 11). The spateeen these two sides define
polygon (in gray) of the horizontal distribution thle tropopause fold (Wimmers a
Moody, 2004a,b). In the algorithm code, these twe segments that make up the t
sides of the tropopause fold are named the “ridgel’ the “reach
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2197'0 -180 -150 e

longitude longitude

=150 -140 =130

Figure 13. a) Contours from the previous figure; b) Processegdmause folds the
extend from the original contours into side of Wermer air mass, shown overtop of
GLASH product.

The folds in this figure mark the areas expectedbtee stratospherica-enhanced air at
the air mass boundaries. However, only an espgdgiamically active subset of the
tropopause folds is associated with turbulencerd@tbee a number of filtering criteria a
applied to that initial set the tropopause foldsiider to idntify the turbulent tropopaus
folds only. These criteria are summarized in T&k

Table 2. Adjustments to modify and filter tropopause folgeots

Process Function Importance
1. Eliminate fold objects less thar Filter High
specific length (2 degree

2. Smooth edges with an averag Modify Medium
filter

3. Remove sharp twists in obje Repair Medium
edges

4. Repeat filter for object lenc Filter Medium

5. Prevent inwaraurling edges it Modify High

the outwardreaching sidt

6. Eliminate tropopause fold objec Filter High
aligned in directions that do n
normally show turbulence
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The direction (orientation) of the tropopause folgect is critically important. The fini
step in Table 2 limits the areas of interest tséhhat are normally aligned with a stro
jet stream (>330or < 12(°). Furthermore, a pair of output fields definestthe
directions of flight that would be the most prondurbulence, because the turbule
takes the form of eddies whose rotational align with the flow, and therefore have
anisotropic effect on the disturbances experietgegircraft passing through tl
tropopause folds (Figure 1

110°

Figure 14. Examples of flight direction relative to the tropmse folc Left: Flight
directiors crossing tropopause folds at 20°. Right: Fliginedtions crossing at 110
The black arrows are the orientations of the tropage folds. The “caution direction:
of the larger and smaller tropopause folds are gaticular to the black arrow: 315
135° for the larger; and 0°, 180° for the smaller l{gev vectors).

Finally, the remaining tropopause folds are sitdatertically. The middle height at tl
side of the tropopause break is the height ofrihy@opause on the colder side of
boundary.The opposite end is a height lower by 5K (poterigaiperature). The meth
for this height assignment is presented in Figlrg(This matches the relative location
the tropopause fold depicted in the idealized csession in Figure 16.) The uppend
lower bounds of this volume are at 5K (potentiahperature) above and below t
middle height across the tropopause

28



Local tropopause

i (2o, - 5K)
height (Z,...) i )
+/- 5K potential f:?l( rpaou?r:ual
temperature pe

Figure 15. Height assignment of the tropopause fc

Side of the
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of the tropopause
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Figure 16. Crosssectional depiction of the tropopause fold he assignmen

3.4.3 Algorithm Output
The final output of this algorithm is a “mask” afrbulence direction and height,

addition to a quality flag field. These variablesla description of their meaning :
given below (Table 3).

Table 3. TFTP outmt products

Product field  Datatype Description
Lowermost 4-byte rea Lower height of the turbulent tropopause f
height volume.
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Uppermost 4-byte real Upper height of the turbulent tropoeefadd

height volume.
Caution 4-byte real Direction of flight (0-360) in which an aircraft is
direction #1 susceptible to turbulence
Caution 4-byte real Other susceptible direction, 180 degfiesm
direction #2 Caution direction #1
Quality flags 1-byte integer  Bit0 Zenith angle gtiative product

domain

(0: OK, 1: LZA >70)

Bit 1 Satellite brightness temperature

quality (0: OK, 1: bad data)
Bit 2-7 Not used

Quiality check 1-byte integer Bit 0 Output fieldsadjty indicator
(0: OK, 1: bad data)

Bit 1-7 Not used

The first two output products constrain the tropgggafolds in space. The horizontal
distribution of the tropopause folds is definedtby location of non-missing values. All
other pixels without tropopause folds receive migsialues. The vertical distribution is
then defined by the location between the lowerraastuppermost height. Next, the
second two output products define the two directiohflight that are the most prone to
experiencing turbulence, because turbulent edadiasthe jet are an anisotropic
phenomenon.

The quality flag output is a single byte using twts to indicate the zone of the product
within the zenith angle domain and the coveraggooid data. The quality check output
indicates the goodness of the output data.

The algorithm also supplies a set of metadata ¢diglds, as 4-byte real scalars, to serve
for diagnostic and statistical purposes (Table 4).

Table 4. TFTP Metadata output.

Variable Description

TF pre-count Number of initial tropopause fold albge

TF post-count ~ Number of final tropopause fold otgec
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Z_lo min

Z_lo max

Z lo mean

Z lo std

Z himin

Z_hi max

Z hi mean

Z_hi std

Minimum value of tropopause fold lowermbsights in
product

Maximum value of tropopause fold lowerttosights in
product

Average value of tropopause fold lowesthhe@ights in product

Standard deviation of tropopause folddowost heights in
product

Minimum value of tropopause fold uppermiosights in
product

Maximum value of tropopause fold upperniesghts in
product

Average value of tropopause fold uppstrheights in product

Standard deviation of tropopause foldeupmst heights in
product
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4.0 TEST DATA SETSAND OUTPUTS

4.1 Simulated Input Data Sets

The following input data is used to characterize gbrformance of the algorithm and the
quality of the data products.

4.1.1 GOES-12 water vapor imagery

GOES-12 water vapor imagery (channel 3, 6.3um3ésias a proxy for ABI channel 8
(6.15um) water vapor channel. The most significhifierence expected between these
two channels is a small offset in brightness teiapee due to their slightly different
contribution weighting function heights. Howevem, affset value makes no difference in
the image spatial gradient, which is the key caltah in resolving the boundaries used
to calculate tropopause folds. Differences in gpaéisolution are also unimportant,
because the algorithm image-smoothing functionnstanly the features at a scale of
~66 km or larger. Thus, the GOES-12 channel 3 siatizce is a natural proxy for testing
the algorithm performance.

For algorithm validation, the GOES-12 Northern Hgphiere scan sector is used (Figures
17, 18)

20002 G-12 IMG = & 231500 0Z0&8%2 O90FF 12 .00
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Figure 17. Domain of the input data sets, using GOES-12 wappor archived imagery.
This example is for 6 April 2006 2345 UTC.

2006-04-06 23:15:00: Glash product
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Figure 18. GLASH product corresponding to the previous figiareshow the input
domain in the rectilinear coordinates used in syt figures.

4.1.2 GFSforecast model fields

Ancillary model fields are supplied by the GFS frast model. Gridded fields are global
with 1-degree resolution. The 12-hour forecast-hbér resolution is used to simulate the
best available forecast fields in real time. Modales at the exact time of the image are
calculated through temporal interpolation.

4.1.3 Test data set sample

The following ten cases are presented in the dglieEthis document for independent
verification of algorithm performance (Table 5).€Be cases were not chosen randomly
but rather, they were found to have some of thet mlmsndant corresponding
independent verification data in order to illustrétte verification process the most easily.

Table5. Times of the sample images for the initial veaificn.

Sampleimage time
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. 2005 Dec 22 1715 UTC
. 2005 Dec 22 2015

. 2006 Apr 06 2315

. 2006 Apr 15 2315

. 2006 Sep 21 1715

. 2007 Jan 04 2315

. 2007 Mar 29 2015

. 2007 Mar 29 2315

. 2007 Jun 06 2315

10. 2007 Dec 03 2015

© 00 N OO 0o b W N PP

4.2 Output from Smulated I nput Data Sets

This section characterizes the output data in tefnits precision, accuracy and error
budget. An example of the output produced by tipatimmage from Section 4.1 is shown
below for reference (Figure 19).
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Figure 19. TFTP output products for 6 April 2006 2345 UTC.pdpleft: Fold lower
height (kft); Upper-right: Fold upper height (kfl)pwer-left: Caution direction #1
(degrees); Lower-right: Caution direction #2 (degsg.

In these products, the colored regions are idextifis areas of tropopause folds, and the
white space is the remaining area, which is asdigngxel value of “Missing.”

4.2.1 Precisions and Accuracy Estimates

Precision and accuracy relate to the TFTP produttiree ways — horizontal, vertical and
directional. Horizontal precision and accuracy etffal four TFTP output fields in the
same way. Vertical precision and accuracy condezriitst two TFTP output fields,
which constrain the height of the regions of insér&inally, directional precision and
accuracy concern the values of the remaining twpuidields of “caution direction.”

The precision and accuracy of these products anensuized in Table 6 and described in
the following subsections. Note that precision anduracy relate to the position of the
tropopause fold volume. The predictability of tleéationship between tropopause folds
and turbulence is handled by the Error Budget (Seet.2.2).
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Table 6. Summary of the sources of output precision andracy.

Output parameter Value Primary dependence

Horizontal precision 0.25 km ABI horizontal preosi

Horizontal accuracy 1 km ABI horizontal accuracy

Vertical precision <1lm GFS tropopause height sieni

Vertical accuracy 2 km GFS tropopause height acyuaaforecast
time of 12 hours

Directional precision <0.1° Precision of smoothed gradient contours

Directional accuracy < 1¢° Perturbations in contour position from small-

scale boundary features

4.2.1.1 Horizontal Precision

The TFTP product operates at the resolution andakeyation of the input satellite
imagery, which means that it shares the horizgm&dision of the input satellite
imagery. For ABI input, the TFTP shares the ABIguot horizontal precision of 0.25
km. (This number is based on the overlap and sgafithe 2-km resolution ABI pixel.)

4.2.1.2 Horizontal Accuracy

As opposed to products with pixel-based retrieshlstmospheric constituents, the TFTP
is effectively insensitive to the systematic ewbthe ABI brightness temperatures when
the ABI brightness temperatures are within the pobdequirements. This is because the
product relies on 1) a large (~66 km) averagingrfiland 2) gradient calculations that
eliminate the effect of brightness temperature.biaa& only remaining effect of ABI

error on the TFTP horizontal accuracy is the spagaaigation. A systematic bias in
spatial positioning will carry over into the spagaecision of the product. Thus the
horizontal accuracy of the product is the saméa#\BI product requirement of 1 km
(Gibbs, 2008).

4.2.1.3 Vertical Precision

Vertical positioning is determined by the tropopabeight of the ancillary atmospheric
model and the potential temperature heights. Theigion of these values is less than a
meter in the vertical dimension, which is more gec¢han that of any independent
validation.
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4.2.1.4 Vertical Accuracy

The GFS tropopause height comes directly from thd@OAdefinition of the thermal
tropopause: It is defined as the lowest level atlwthe lapse rate decreases to 2 °C km-
1 or less, provided that the average lapse ratedeest this level and all higher levels
within 2 km does not exceed 2 K KnWMO, 1957). GFS documentation does not
guantify the accuracy of the tropopause heighithéethe analysis or forecast time.
However, we can estimate that the largest sourgarance in the tropopause height in
the 12-hour GFS forecast is the displacement dfamd forecast boundaries around the
upper-air front, and a rough estimate of that valased on inspection of a representative
sample of TFTP applications is approximately 2 Kime vertical accuracy of tropopause
height will certainly affect the performance of (RETP product, and this is evaluated in
the product validation (Sections 4.2.2 and 5.5).

4.2.1.5 Directional Precision

The precision of the caution direction is less thaanth of a degree. This value depends
directly on the precision of the contours, whiclhighly precise because of the large
spatial averaging filter (>60 km) applied to theagery being contoured.

4.2.1.6 Directional Accuracy

The departure between the intended direction amditiection depicted in the product is
primarily due to the effect of small perturbationghe contour position, which magnifies
in the final analysis of feature direction. Inspactof a sample of cases reveals that this
leads to a directional accuracy of approximatelyléQrees or less. A more thorough
analysis would not be productive because the oalig evaluation of this output field’s
viability is the product validation (Sections 4.22d 5.5).

4.2.2 Error Budget

The product performance is evaluated against int#grg measurements of moderate or
greater (MOG) turbulence near the nominal timehefimage. The methodology used
here is described in detail in the Algorithm Vatida in Section 5.5.

Independent measurements of MOG turbulence areatetl in one-minute samples on
commercial aircraft of Eddy Dissipation Rate (EDR)the product validation we use
collocated EDR within one hour before or after tloeninal time of the output product.
To illustrate one example, the distribution of itud€Eddy Dissipation Rate (EDR) is seen
to intersect some of the tropopause folds (Figie 2
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2006-04-06 23:15:00: EDR observations (+i- 60 min)
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Figure 20. In-situ validation data for 6 April 2006 2315 UT®OG turbulence
observations are “hot” colors — yellow, orange aretl; light turbulence is green and
null values are gray. Top: Horizontal distributiobpttom: Vertical distribution.

We further limit the sample of EDR values to thénpothat sit within the tropopause
fold volume and within the range of valid flightections affected by tropopause fold
turbulence (Figure 21).
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2006-04-06 23:15:00: EDR observations inside trop folds (+/- 30 min)
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Figure21. As in Figure 17, but limited to the volume ancedtron of the predicted
tropopause folds.

These data points are used in the product valida@sofollows. The TFTP accuracy
requirement is defined as “50% correct detectiomMoélerate or Greater turbulence”
calculated as

f=1-(1-p)®

(10)

wheref is the probability of a turbulent event at thet&dacale of tropopause folds (200
km), p is the fraction of MOG events to the total numbemeasurements in the regimes
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of output tropopause folds and the exponent iabrgcfactor. This formula is derived in
Section 5.5.

We arrive at the error budget for the TFTP prodiyctalculating this formula for all the
points in the validation sample. In the currentat®n of the calculation, we use the
images from the data delivery with this versiorired ATBD to arrive at the TFTP
measurement accuracy of 46%, which meets the 8Q¥éregnent for the Version 3
delivery (Table 7).

Table 7. Results of the most recent TFTP validation.

# Total #MOG events Probability of MOG  Product
measur ements at the spatial scale requirement
in trop. folds of trop. folds

2364 88 46% 50%

This current error budget is limited in scope anbjsct to several major changes before
the next ATBD delivery, although it does provideimportant framework for further
discussion and assessment. The future error budijebme from a validation to be
completed in October 2010 using 1125 images.

In addition, the TFTP product is subject to futahanges to improve its accuracy,
especially in the vertical dimension. In orderriorease the measurement accuracy and
meet or exceed the 50% standard, the TFTP canjbstedl with stricter thresholds, most
notably the brightness temperature gradient thitdshor the limits of the tropopause
fold directional range. The optimum adjustmentd & determined through an error
analysis that isolates the probability of MOG tdémee with respect to the height
relative to the tropopause, the gradient magniaidee boundary and the relative flight
direction.
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5.0 PRACTICAL CONSIDERATIONS

5.1 Numerical Computation Consider ations

The algorithm takes a satellite image as eithezrdine data field, or as two data fields
for the northern and southern hemispheres. Thigasis with the more common
technigue in other GOES-R algorithms that inpuy@few scan lines per operation.

Because of the image-wide operations in the algworithe TFTP requires several large
two-dimensional arrays that are assigned in Fottvahe heap memory space (using the
ALLOCATE and DEALLOCATE functions). This has notenburdened the platforms
running the algorithm in test mode, but it is aidiguishing feature nonetheless.

It is also important to limit the input ancillaryaaiel levels to between only 50 hPa and
700 hPa (a reasonable range for the location pbpause folds) to save memory.

The navigation, sampling and interpolation procedwassume a rectilinear grid for the
ancillary model information.

5.2 Programming and Procedural Considerations

The TFTP algorithm uses the following third-pantyosoutines in its operation. They
have been altered as little as possible from treginal state in order that their
documentation or user community knowledge may aiply to the code, and therefore
some aspects of these subroutines do not confothetAWG coding standards:

» SubroutineValueToGrid: Interpolates data from one mesh-style projectibo i
another. Each output grid cell is matched to acgumding quadrilateral in the
input grid, found through an iterative search. Vhkie in the output grid cell is
calculated from three points on the matching irgrid quadrilateral by reverse
interpolation. This subroutine originated as a Javaapping algorithm for
McIDAS-V software developed at CIMSS.

» Subroutine TWMO: Calculates the WMO-defined tropopause height from a
input model grid when the model does not have apleulated tropopause. The
algorithm is presented in Reichler et al. (2003).

» Subroutine QSORTI: Popular quick sorting algorithm for integer inputag's
with a forty-year heritage.

» Subroutine UsgsContour: Contouring algorithm shared by the U.S. Geological
Survey (Harbaugh, 1990). This takes a two-dimeradiceal array and returns line
segments at the desired contour levels. In ouramphtation, the desired contour
level is always zero. Contours are developed tHiaugiterative search of
neighboring grid cells and interpolation.
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5.3 Quality Assessment and Diagnostics

We recommend that the product be evaluated poswithaircraft EDR data on
seasonal and yearly intervals. The robustnesseofdhdation should steadily improve
with time as more airlines volunteer to participa@utomated in-situ monitoring and
increase the spatial domain of the in-situ data set

5.4 Exception Handling

Missing input imagery or ancillary model fields ixghuse an exception and exit
processing. Also, incorrectly navigated imageryl waluse an error in the memory
allocation of intermediate processing grids and pracessing. Otherwise, the algorithm
will process the output under any conditions aratlpce error flags where the output is
adversely affected by bad input pixels (Section3}.4

5.5 Algorithm Validation

5.5.1 Validation activities

The pre-AWG validation of the TFTP algorithm focdsmn predicting Light or Greater
(LOG) turbulence (Figure 7), but a 2009 changénegroduct requirements nullified this
validation by specifying that the performance pcetOG turbulence. A validation to
address this requirement has been scheduled, WitBaober 2010 completion date. The
input data set (GOES-12 imagery and ancillary méidils) was prepared and delivered
at the end of March 2010.

The new validation data set consists of 1125 imé&ges 1415, 1715, 2015 and 2315
UTC during the days between 1 November 2005 angeb8uary 2008. These times
coincide with the times of day with the most comamraircraft activity and therefore
the highest density of independent in-situ data ifldividual days in the data set from
which the images are taken are spaced three daystapnsure the observation of
separate synoptic weather events. With this volohuata we expect to be able to
analyze ~10data points inside the tropopause fold domain.

5.5.2 Independent validation data set

The independent validation data is in-flight, auéded observations by small instruments
carried on commercial aircraft. The variance inrtteasured wind field is processed and
recorded as “Eddy Dissipation Rate,” (EDR) (Cornreaal., 2004). These data are
bundled with other observations (air temperaturesgure, etc.) as averages and min/max
values over one-minute segments and broadcasbtmdystations, where they are
subsequently quality-controlled and used for metiegical applications. In the case of
turbulence, the relevant quantity is the maximunREI2lue over the time segment. The
position of the data is the position of the airchafthe middle of the one-minute flight
segment.

42



By convention, EDR values of 0.25 and higher are®AQrbulence, whereas 0.05 is null
and 0.15 is light turbulence. This differs slighitlgm the threshold of 0.35 for MOG
used in other studies, because those studies @38tand 757 aircraft as the baseline
for the experience of turbulence. However, the ndasigerous events on record occur
with lighter aircraft, which experience turbuleratea lower equivalent EDR.

5.5.3 Validation strategy
The following section describes the derivationheff accuracy statistic using EDR data.

5.5.3.1 Rationale

The independent EDR data set records the maximtbalence observed at a temporal
resolution of one minute. A previous validationttbansidered the performance of the
TFTP at this resolution found a product accuracg%6 for Light or Greater turbulence
and 5% for Moderate or Greater turbulence, as tegan the Algorithm Theoretical
Basis Document (ATDB) Version 1.0. However, we @oéable to calculate accuracy in
the manner similar to most of the other ABI produdthe standard measure of accuracy
for ABI products, by the convention of the Atmospi@©cean-Land Technical Advisory
Panel (AOL-TAP), is:

Accuracy = (YY + NN) / (YY + YN + NY + NN) (11)

where “YN” indicates a positive prediction and négmobservation, “NY” indicates a
negative prediction and positive observation, andrs

However, the TFTP only produces a set of regionghiith one source of turbulence is
expected. (It does not make a prediction on thatioo of turbulence caused by
mountain waves, convective gravity waves, etc.tThahe TFTP only makes positive
predictions, but the regions without a predictioa @ot necessarily negative predictions.
Thus we must measure the accuracy as

Accuracy (for TFTP)=(YY)/(YY +YN). (12)

One should expect this measure of accuracy toveerlthan that of the first option,
because turbulence is much less common than stabtethe upper atmosphere. Thus, if
we were able to use the first method, “NN” wouldrdieate. This means that any value
for accuracy using the second method would be coetpto a much higher value using
the first method, assuming both were able to beutated.

5.5.3.2 Applying an accuracy statistic on tropopause folds

The TFTP predicts regions of active tropopausestdlde note, however, that these
features are not constantly turbulent. Rather, thregcribe a region in which short-lived,
transient eddies are generated over a fractiohenf total volume. Our overall goal is not
to describe exactly where and when each turbulday ean be found, but rather to
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describe the region in which an aircraft shouldvgleatra caution, either by modifyir
flight plans or by warning passengers and crevetoain seated and secul

We validate the TFTP by identifying the thousaof observations that fall within tt
volumes of predicted turbulence (inside the rit-shaped tropopause folds of 1
satellite product and between the upper and loWitude bounds). To calculate a sim|
fraction of turbulent observations would beaddress the question, “What is -
likelihood of turbulence during a o-minute flight segment in this region of interes
This may be the most direct use of the validatiatadbut it stems from an arbitre
integration time that does not match the mptions and expectations of the aviat
community.

By contrast, a more natural question that we shatikmpt to address would be, “WI
is the likelihood of turbulence during the cour$@adransect through this tropopat
fold?” As the following illtstration shows, the scale of the region of inteiestjuivalen
to manyoneminute validation segments (Figure 22). Also, thisstration shows how
longer integration time leads to an arbitrarilytrég number for the product’s accure

1-mil‘l il'lter\lals _> pRoRIRbRRRRRORRNY

. iz% accurate?

16-min intervals —— IR E — )
o accurate

Figure 22. Conceptual diagram of two aircraft passes throughopopause fold, scale
to the average width of a tropopause fold (showgray) and the typical speed o
commercial jet passing through. Areas of s-lived atmospheric instability are shown
yelow. Green segments are “no turbulence” reports aed segments are turbule
reports. The top pass supposes a-minute interval between observations, and
bottom pass supposes aminute interval between observations.

5.5.3.3 Normalizing the EDR observations to the appropriate scale

Because of the anisotropic nature of turbulenceeaby tropopause folding, the prod
predicts turbulence only in cases in which theraftcrosses the ribb-like tropopause
fold feature orthogonally (an incidt angle of +/-220 degrees). In the product, the
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features are always a fixed width (200 km). Thhbs,average time in which an aircraft
would transect a tropopause fold (assuming it em¢€ross just a piece of it) would be

T =200 km R (13)

whereT is the length of time for a full transect aRds the aircraft speed. An average
commercial aircraft’s cruising speed is about 466t&, or 740 km/hr. Thus according to
the formula an average transect time would be @®ifd) or 16 minutes.

This result corresponds to sixteen sequential ¥agens. Assuming independent
observations, the likelihood of experiencing asteane turbulent episode over sixteen
one-minute time segments is:

f=1-1-p* (Equation 10)
wherep is the probability of detecting turbulence ovemre-minute interval. Whep =
5% as have found in the original validation for Moate or Greater turbulence, tHen

56% This statistic (Equation 10) is used to comphesgdroduct performance to the
performance requirement.
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6.0 ASSUMPTIONSAND LIMITATIONS

The following sections describe the current limias and assumptions in the current
version of the TFTP.

6.1 Perfor mance

The following assumptions have been made in devrdogind estimating the
performance of the TFTP. The following short ientains the current assumptions and
proposed mitigation strategies.

1. NWP data of comparable or superior quality to theent 6 hourly GFS
forecasts are available. (Mitigation: Use longarge GFS forecasts or
switch to another NWP source such as ECMWEF.)

2. Hourly temperature and tropopause break heightavelleapproximated by
interpolating the NWP data, assumed to be 6-haarhyetter. (Mitigation:
Use the internal tropopause height algorithm.)

3. EDR reports have been quality-checked by NCAR. ifNtgation possible.)

6.2 Assumed Sensor Performance

We assume the sensor will meet its current spetifios. However, the TFTP will be
dependent on the following instrumental charadieds

» Severe striping in ABI channel 8 (sufficient to palsrough the spatial filter) will
prevent a product calculation in a wide band araimedstripes of bad pixels.

» Errors in navigation from image to image will creatcorresponding
displacement in the product features. Severe nagergarrors will throw an
exception and terminate the algorithm.

6.3 Pre-Planned Product | mprovements

6.3.1 Optimization for Ocean Domain

At present, the EDR reports are not available tiverocean and so the parameterization
of the TFTP was performed over land only. Howewer have reason to believe that the
TFTP would have a slightly different set of paraenigiations over the ocean because of
the smoother texture of the water vapor channtiahdomain. When NCAR receives
access to EDR reports over the ocean, we recommakihg a separate optimization
over the ocean.
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6.3.2 Limitations of the Algorithm
The following limitations have been discussed ievious sections:

* We have determined that significant clear-air tlehoe events caused by
tropopause folding in the months of May to Octodrer comparatively rare, and
so these events will not be predicted as ofterhbyltFTP.

* The height assignment of tropopause folds is degr@nah the model-determined
tropopause height.
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