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1. INTRODUCTION

The “EUMETSAT Satellite Application Facilities (SAFs)” are dedicated centres of excellence for the
processing of satellite data, and form an integral part of the distributed “EUMETSAT Application
Ground Segment”. This documentation is provided by the SAF on support to Nowcasting and Very
short range forecasting (NWC SAF). The main objective of the NWC SAF is to provide, develop and
maintain software packages to be used with operational meteorological satellite data for Nowcasting
applications. More information about the project can be found at the NWC SAF webpage,
http://www.nwcsaf.org.

This document is applicable to the NWC/GEO software package for geostationary satellites.

1.1 SCOPE OF THE DOCUMENT

This document is the “Algorithm Theoretical Basis Document (ATBD) for the Wind Product
Processor of the NWC/GEO” software package (NWC/GEO-HRW, High Resolution Winds), which
calculates Atmospheric Motion Vectors and Trajectories considering:

e Up to seven channels from MSG/SEVIRI imager: six 3 km low resolution visible, water
vapour and infrared channels (VIS06 0.635 pum, VIS08 0.810 um, WV62 6.250 um, WV73
7.350 um, IR108 10.800 um and IR120 12.000 um), and the 1 km high resolution visible
channel (HRVIS 0.750 um).

e Up to three channels from GOES-N/IMAGER: two 4 km low resolution water vapour and
infrared channels (WV65 6.550 um and IR107 10.700 pum), and the 1 km high resolution
visible channel (VIS07 0.650 um).

e Up to six channels from Himawari-8/9/AHI imager: four 2 km low resolution water vapour
and infrared channels (WV62 6.250 um, WV70 6.950 um, WV73 7.350 um and 1IR112 11.200
um), one 1 km high resolution visible channel (VIS08 0.860 um), and the 0.5 km very high
resolution visible channel (VIS06 0.645 pum).

There is a commitment so that the adaptation of NWC/GEO-HRW algorithm to the three geostationary
satellite series (MSG, GOES-N and Himawari-8/9) in NWC/GEO v2018 software package is fully
validated. The corresponding validation results are shown in the corresponding “Scientific and
Validation Report” [AD.15], and as a summary also in this document.

The adaptation of NWC/GEO-HRW to GOES-R satellite series and the corresponding validation, not
committed for this version, is under way and will be delivered as a patch for NWC/GEO v2018
software package throughout the year 2019.

This Algorithm Theoretical Basis Document describes in detail the objectives and physics of the
problem, together with the mathematical description and the implementation of the NWC/GEO-HRW
algorithm. It also provides information on the input data and resulting output data.
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1.2 SOFTWARE VERSION IDENTIFICATION

This document describes the algorithm implemented in the NWC/GEO-HRW v6.0 (Product Id NWC-
038) of the NWC/GEO v2018 software package release.

1.3 IMPROVEMENTS FROM PREVIOUS VERSIONS

The main improvements related to NWC/GEO-HRW v6.0 algorithm are the following ones:

1. The extension of NWC/GEO-HRW algorithm for the processing of Himawari-8/9 satellite series.

2. The option to increase the spatial density of AMVs at low levels. This is done with a more
detailed evaluation of the spatial density of low level tracers.

3. The implementation of a “Mixed calculation method”, considering at the same time short and
long time intervals, through which the tracking process is verified in short time intervals, but the
AMVs are calculated considering displacements in long time intervals. This process is useful for
the calculation of AMVs with high resolution images, and to improve the quality of the calculated
AMVs.

4. The calculation of the “Common Quality Index without forecast”, to be used by all AMV
production centres, as defined by the “International Winds Working Group”.

5. The autovalidation of NWC/GEO-HRW algorithm with respect to NWP model analysis or
forecast winds, including the calculation of the NWP wind at “best fit pressure level” and the
“difference with the NWP winds”.
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14 DEFINITIONS, ACRONYMS AND ABBREVIATIONS

1.4.1. Definitions

4x4 big pixel matrix

4x4 big element matrix, in which pixels of a tracer candidate are
classified at reduced resolution, defining three different brightness
classes (CLASS n)

Atmospheric Motion
Vector (AMV)

Horizontal wind calculated through the horizontal displacement between
two Earth positions in two different satellite images (defined as initial
image and later image), of a square segment of nxn pixels called tracer

Basic dataset

Set of tracers or AMVs, calculated with the basic or wide tracer scale
(with a default value of 24 x 24 pixels). Two kinds of Basic tracers are
possible: wide basic tracers (with bright big pixels in the first and last big
pixel row or column) and narrow basic tracers (occurring otherwise)

Bearing angle

Angle defined by the great circle connecting two locations on the Earth

Best fit pressure level

Pressure level which minimizes the vector difference between the AMV
and a NWP reference wind, considering as reference wind the nearest
NWP wind profile or nearest Radiosounding wind profile, with a linear
variation of the wind components between profile levels

Big pixel

Each element of the 4x4 big pixel matrix, in which pixels of a tracer
candidate are classified at reduced resolution, defining three different
brightness classes (CLASS 0, CLASS 1, CLASS 2)

Bright big pixel

Big pixel inside a big pixel matrix, in which at least a 70% of its pixels is
brighter than a given frontier (also called CLASS 2 big pixel)

Brightness value

Value for a given pixel of the N_Value matrices, characterized by the
Normalized reflectance in the pixel for Visible channels and the
Brightness temperature in the pixel in Infrared or Water vapour channel,
and defined as an integer value ranging from 0 to 255

Clear air AMV

AMV defined through the horizontal displacement between two Earth
positions in two different satellite images, of a tracer defined through a
specific humidity feature in water vapour images

Closeness threshold

Minimum distance in lines and columns allowed between two tracer
locations

Cloud type Cloud type defined for each tracer or AMV with NWC/GEO-CT output
data, used for example to define which of the two calculated height
levels (cloud top, cloud base) is used in the “Brightness temperature
interpolation height assignment process”

Cloudy AMV AMV defined through the horizontal displacement between two Earth

positions in two different satellite images, of a tracer defined through a
specific cloudiness feature in visible, infrared or water vapour images

Common Quality Index

Quality parameter, calculated with a self-contained Fortran module
defined by EUMETSAT and NOAA/NESDIS, to be included as such
without modifications by all AMV algorithms, and useful for a common
homogeneous use of AMVs calculated with different AMV algorithms.

Consistency

Difference between an AMV and some other expected wind, quantified
in probabilistic terms for the Quality Index calculation
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Coverage hole

Location in the initial image in which two consecutive failures in the
definition of a tracer with Gradient method have occurred, so defining a
location for the tracer search with the second method, Tracer
characteristics method

Dark big pixel

Big pixel inside a big pixel matrix, in which less than a 30% of its pixels
is brighter than a given frontier (also called CLASS 0 big pixel)

Detailed dataset

Set of tracers or AMVSs, calculated with the detailed or narrow tracer
scale (with a default value of 12 x 12 pixels). Three kinds of Detailed
tracers are possible: unrelated to a basic tracer, related to a wide basic
tracer, related to a narrow basic tracer

Distance factor

Formula used to define which AMVs contribute to the spatial and
temporal consistency tests for a given AMV, and their corresponding
contribution to the consistency test

Frontier A significant minimum in the N_Value matrix histogram for a given
tracer candidate
Great circle Trajectory between two locations on the Earth surface, which relates

them considering the smallest possible distance

Haversine formula

Formula used to compute the great circle distance between two locations
on the Earth surface

IND_TOPO parameter

Value of the AMV Orographic flag parameter, calculated to detect land
influence for a given Atmospheric Motion Vector

Initial image Satellite image in which tracers are defined with any of the two tracer
calculation methods (Gradient or Tracer characteristics), so defining the
initial position in the AMV displacements

LAT C,LON C Geographical coordinates of the tracking centre in the later image,
considering a given AMV

LAT T,LON_T Geographical coordinates of the tracer centre in the initial image,
considering a given AMV

Later image Satellite image in which tracers defined previously are tracked with any

of the two tracking methods (Euclidean distance or Cross correlation),
defining the later positions in the AMV displacements

Main tracking centre

Tracking centre for a given tracer, which has the best possible Euclidean
distance/Cross correlation values

Maximum

brightness gradient

Location of the maximum brightness value gradient inside a tracer
candidate, to be defined as a tracer location with Gradient method

Maximum

optimisation distance

Maximum distance in lines or columns allowed between a coverage hole
used in the search of tracers with Tracer characteristics method, and the
corresponding tracer location

Mixed calculation method

Alternative method available for the calculation of AMVs and
Trajectories with NWC/GEO-HRW algorithm, through which the tracer
tracking is evaluated considering shorter time intervals, and the
displacement is evaluated considering longer time intervals.

Neighbour AMV

AMV which is close enough to a given one in the current processing
cycle, used in the Quality spatial correlation test
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N_Value matrix

Normalized reflectances for Visible channels, or Brightness temperatures
for Infrared or Water vapour channels, for a given image in the
processing region, defined as integer values ranging from 0 to 255.

Orographic flag (dynamic)

Flag to show possible land influence in the previous positions of a given
AMV. It is calculated after the static orographic flag procedure, and
indicated through IND_TOPO values: 1,2,3,4,5,6.

Orographic flag (static)

Flag to show possible land influence in the position of a given AMV.
Indicated through IND_TOPO values: 1,2,3,6.

Overall Quality Index

Final Quality Index, weighted sum of individual forecast, temporal and
spatial consistency tests (not considering the interscale consistency test)

Parallax correction

Correction of the apparent horizontal displacement of a feature in a
satellite image, due to its height over the Earth surface

Persistent tracer

Tracer related to AMVs calculated in the previous cycle, for which the
tracer centre is the tracking centre of the AMV in the previous cycle

Pixel distance

Preliminary line and column separation in pixels between the tracer
locations, before the readjustments made by the tracer selection methods

Pixel exclusion matrix

Ensemble of pixels inside the processing region in which additional
tracers cannot be located

Predecessor AMV AMV in the previous processing cycle, whose tracking centre is used as
the tracer centre of a persistent tracer in the current processing cycle
Prior AMV AMV in the previous processing cycle close enough to a given AMV in

the current processing cycle, used in the Quality temporal correlation test

Quality index (QI)

Quality parameter used to define the quality of the generated AMVs and
Trajectories. It is based on spatial, temporal and forecast consistency
against reference AMVs or the NWP wind forecast. Two kinds of
Quality indices are defined: with and without forecast (with and without
the contribution of the consistency against the NWP wind forecast)

Quality index threshold

Minimum value of the Quality index (with/without forecast) so that the
given AMV/Trajectory can be written in the output files

S (in CC computation)

Any pixel inside a tracking candidate

Secondary tracking centre

Tracking centre for a given tracer, which does not have the best
Euclidean distance or Cross correlation

Segment of the image

A set of contiguous pixels in a satellite image, defined by its size and
location

Single scale procedure

Tracer selection procedure, for which only one scale of tracers is
calculated

Starting location

Each a priori location of tracers throughout the initial image, in principle
uniformly covering the whole processing region

Subpixel tracking

Tracking processing, through which the tracking centres in the later
image are located in a non-integer location of the tracking area, and
which is calculated through second order interpolation of the Euclidean
distance minima/Cross correlation maxima

T (in CC computation)

Any pixel inside a tracer
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TESO parameter

Orographic test parameter, detailing if the orographic flag could be
calculated for a given AMV, and the relative results in AMVs related to
the same tracer, added to Quality TEST indicator after Quality Control

TEST parameter

Quality flag after the Quality control processing, detailing which quality
consistency tests were applied for a given AMV, and the relative results
of each quality consistency test for all AMVs related to the same tracer

Tracer

Square segment in the initial image with a fixed size (nxn pixels, called
tracer size), identified by the location of its centre, and considered valid
candidate for AMV calculation by any of the tracer calculation methods

Tracer candidate

Square segment in the initial image with a fixed size, where conditions
for tracer search using “Tracer characteristics method” are evaluated

Tracer continuity

Processing option in which part of the set of tracers in the current
processing cycle is defined through the tracking centres of AMVs in the
previous processing cycle

Tracer location

Pixel coordinates of a tracer (line and column) in the initial image

Tracer selection procedure

Strategy to get a complete set of tracers throughout the desired region of
the image. It consists of 2 iterations (2 methods) for the single scale
procedure; 4 iterations (2 methods, 2 scales) for the two scale procedure

Tracer size Line/column dimension of a tracer. In NWC/GEO-HRW algorithm, both
dimensions are similar defining square shaped tracers
Tracking Determination of the best matching square segment for a given tracer in

the initial image, with the same line and column dimension, inside the
tracking area of a later image

Tracking area

Square segment in the later image containing the search area of a given
tracer, in which all possible tracking candidates are located

Tracking candidate

Each square segment inside a tracking area of the later image, that is
evaluated for the tracking of a given tracer

Tracking centre

Best matching square segment for a given tracer, with the same line and
column dimension, inside the tracking area of a later image

Tracking centre location

Pixel coordinates of a tracking centre (line and column) in the later
image

Trajectory

Path defining the displacement of a tracer throughout several satellite
images

Two scale procedure

Tracer selection process considering tracers with two different tracer
sizes (Basic dataset and Detailed dataset, being the line and column
dimension of the second dataset half the dimension of the first dataset)

Weighted location

Location different that the centre of the tracer in the initial image or the
tracking centre in the later image, relating best the displacement of the
AMVs and Trajectories to the displacement of the part of the tracer with
a largest contribution to the cross correlation.

Wind guess

NWP wind longitudinal and latitudinal components, through which the
location of a smaller tracking area in the later image is defined for a
quicker processing, although with a dependency on the NWP wind

Table 1: List of Definitions
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1.4.2. Acronyms and Abbreviations

AMV Atmospheric Motion Vector

BUFR Binary Universal Form for the Representation of meteorological data

CDOP NWC SAF Continuous Development and Operations Phase

CDOP2 NWC SAF Second Continuous Development and Operations Phase

CDOP3 NWC SAF Third Continuous Development and Operations Phase

CIMSS UW’s Cooperative Institute for Meteorological Satellite Studies

ECMWF European Centre for Medium Range Weather Forecasts

EUMETSAT European Organization for the Exploitation of Meteorological Satellites

GOES NOAA'’s Geostationary Operational Environmental Satellite

HRVIS MSG HRVIS High Resolution Visible channel

I0P NWC SAF Initial Operations Phase

IR107, IR108, IR112, | GOES-N 10.7um - MSG 10.8um - Himawari-8/9 11.2um

IR120 MSG 12.0um Infrared channels

IWWG International Winds Working Group

JMA Japan Meteorological Agency

MSG EUMETSAT’s Meteosat Second Generation Satellite

NOAA United States’ National Oceanic and Atmospheric Administration

NWC/GEO NWC SAF Software Package for Geostationary satellites

NWC/GEO-HRW NWC/GEO Product Generation Element for the High Resolution Winds

NWCLIB NWC/GEO Common Software Library

NWC SAF EUMETSAT’s Satellite Application Facility on support to Nowcasting and
Very short range forecasting

NWP Numerical Weather Prediction Model

SCI NWC SAF Scientific Report

SMR NWC SAF Software Modification Report

SPR NWC SAF Software Problem Report

SW Software

™ NWC/GEO Task Manager

Uuw United States’ University of Wisconsin/Madison

VIS06, VIS07, VIS08

MSG & Himawari-8/9 0.6um - GOES-N 0.7um
- MSG & Himawari-8/9 0.8um Visible channels

WMO

World Meteorological Organization

WV62, WV65, WV70,
WV73

MSG & Himawari-8/9 6.2um - GOES-N 6.5um - Himawari-8/9 6.9um -
MSG & Himawari-8/9 7.3um Water vapour channels

Table 2: List of Acronyms and Abbreviations
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1.5

REFERENCES

1.5.1 Acronyms and Abbreviations

The following documents, of the exact issue shown, form part of this document to the extent specified
herein. Applicable documents are those referenced in the Contract or approved by the Approval
Authority. They are referenced in this document in the form [AD.X]

For versioned references, subsequent amendments to, or revisions of, any of these publications do not
apply. For unversioned references, the current edition of the document referred applies.

Current documentation can be found at the NWC SAF Helpdesk web: http://www.nwcsaf.org.

Ref. Title Code Version

Proposal for the Third Continuous

[AD.1] Development and Operations Phase (CDOP3) NWC/CDOP3/SAF/AEMET/MGT/PRO 1.0

[AD.2] Project Plan for the NWC SAF CDOP3 Phase | NWC/CDOP3/SAF/AEMET/MGT/PP 1.0

[AD.3] g&’;f'g”rat'on Management Plan for the NWC |\ yc/cpoP3/SAF/AEMET/MGT/CMP | 1.0

[AD.4] | NWC SAF Product Requirements Document NWC/CDOP3/SAF/AEMET/MGT/PRD 1.0
Interface Control Document for Internal and

[AD.5] External Interfaces of the NWC/GEO NWC/CDOP3/GEO/AEMET/SW/ICD/1 1.0

[AD.6] Data Output Format for the NWC/GEO NWC/CDOP3/GEO/AEMET/SW/DOF 1.0
System and Component Requirements

[AD.7] Document for the NWC/GEO NWC/CDOP3/GEO/AEMET/SW/SCRD 2.1
Estimation of computer environment needs to

[AD.8] | run NWC SAF products operatively in ‘Rapid | NWC/CDOP/INM/SW/RP/01 1.0
scan mode’
Validation Report for “High Resolution

[AD.9] Winds” (HRW — PGE09 v2.2) NWC/CDOP/INM/SCI/VR/05 1.0
Validation Report for “High Resolution

[AD.10] Winds” (HRW — PGE09 v3.0) NWC/CDOP/INM/SCI/VR/07 1.0
Validation Report for “High Resolution

[AD.11] Winds” (HRW — PGE09 v3.1) NWC/CDOP/INM/SCI/VR/09 1.0
Validation Report for “High Resolution

[AD.12] Winds” (HRW — PGE09 v3.2) NWC/CDOP/INM/SCI/VR/10 1.0
Validation Report for “High Resolution

[AD.13] Winds” (HRW — PGE09 v4.0) NWC/CDOP2/INM/SCI/VR/13 1.0
User Manual for the Wind product processor )

[AD.14] of the NWC/GEO: Software part NWC/CDOP3/GEO/AEMET/SCI/UM/Wind 1.0
Scientific and Validation Report for the )

[AD.15] Wind product processor of the NWC/GEO NWC/CDOP3/GEO/AEMET/SCI/VR/Wind 1.0

Table 3: List of Applicable Documents
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1.5.2 Reference Documents

The reference documents contain useful information related to the subject of the project. These
reference documents complement the applicable ones, and can be looked up to enhance the
information included in this document if it is desired. They are referenced in this document in the form
[RD.X]. For dated references, subsequent amendments to, or revisions of any of these publications do
not apply. For undated references, the current edition of the document referred applies.

Ref. Title

[RD.1] J.Schmetz, K.Holmlund, J.Hoffman, B.Strauss, B.Mason, V.Gartner, A.Koch, L. van de Berg, 1993: Operational Cloud
Motion Winds from Meteosat Infrared Images (Journal of Applied Meteorology, Num. 32, pp. 1206-1225).

[RD.2] S.Nieman, J.Schmetz, W.P.Menzel, 1993: A comparison of several techniques to assign heights to cloud tracers (Journal of
Applied Meteorology, Num. 32, pp. 1559-1568).

[RD.3] C.M.Hayden & R.J.Purser, 1995: Recursive filter objective analysis of meteorological fields, and application to NESDIS
operational processing (Journal of Applied Meteorology, Num. 34, pp. 3-15).

[RD.4] K.Holmlund, 1998: The utilisation of statistical properties of satellite derived Atmospheric Motion Vectors to derive Quality
Indicators (Weather and Forecasting, Num. 13, pp. 1093-1104).

[RD.5] J.M.Fernandez, 1998: A future product on HRVIS Winds from the Meteosat Second Generation for nowcasting and other
applications. (Proceedings 4" International Wind Workshop, EUMETSAT Pub.24).

[RD.6] J.M.Fernandez, 2000: Developments for a High Resolution Wind product from the HRVIS channel of the Meteosat Second
Generation. (Proceedings 5" International Wind Workshop, EUMETSAT Pub.28).

[RD.7] J.M.Fernandez, 2003: Enhancement of algorithms for satellite derived winds: the High Resolution and Quality Control
aspects. (Proceedings 2003 Meteorological Satellite Conference, EUMETSAT Pub.39).

[RD.8] J.Garcia-Pereda & J.M.Fernandez, 2006: Description and validation results of High Resolution Winds product from HRVIS
MSG channel at the EUMETSAT Nowcasting SAF (Proceedings 8" International Wind Workshop, EUMETSAT Pub.47).

[RD.9] J.Garcia-Pereda, 2008: Evolution of High Resolution Winds Product (HRW), at the Satellite Application Facility on support
to Nowcasting and Very short range forecasting (Proceedings 9" International Wind Workshop, EUMETSAT Pub.51).

[RD.10] J.Garcia-Pereda, 2010: New developments in the High Resolution Winds product (HRW), at the Satellite Application
Facility on support to Nowcasting and Very short range forecasting (Proceedings 10" International Wind Workshop,
EUMETSAT Pub.56).

[RD.11] C.M.Hayden & R.T.Merrill, 1988: Recent NESDIS research in wind estimation from geostationary satellite images
(ECMWF Seminar Proceedings: Data assimilation and use of satellite data, \VVol. Il, pp.273-293).

[RD.12] W.P.Menzel, 1996: Report on the Working Group on verification statistics.

(Proceedings 3" International Wind Workshop, EUMETSAT Pub.18).

[RD.13] J.Schmetz, K.Holmlund, A.Ottenbacher, 1996: Low level winds from high resolution visible imagery. (Proceedings 3™
international winds workshop, EUMETSAT Pub.18).

[RD.14] Xu J. & Zhang Q., 1996: Calculation of Cloud motion wind with GMS-5 images in China. (Proceedings 3" international
winds workshop, EUMETSAT Pub.18).

[RD.15] K.Holmlund & C.S.Velden, 1998: Objective determination of the reliability of satellite derived Atmospheric Motion Vectors
(Proceedings 4" International Wind Workshop, EUMETSAT Pub.24).

[RD.16] K.Holmlund, C.S.Velden & M.Rohn, 2000: Improved quality estimates of Atmospheric Motion Vectors utilising the
EUMETSAT Quality Indicators and the UW/CIMSS Autoeditor (Proceedings 5" International Wind Workshop,
EUMETSAT Pub.28).

[RD.17] R.Borde & R.Oyama, 2008: A direct link between feature tracking and height assignment of operational Atmospheric
Motion Vectors (Proceedings 9" International Wind Workshop, EUMETSAT Pub.51).

[RD.18] J.Garcia-Pereda, R.Borde & R.Randriamampianina, 2012: Latest developments in “NWC SAF High Resolution Winds”
product (Proceedings 11" International Wind Workshop, EUMETSAT Pub.60).

[RD.19] WMO Common Code Table C-1 (WMO Publication, available at
https://www.wmo.int/pages/prog/www/WMOCodes/WMO306_vI2/LatestVERSION/WMO306_vI2_CommonTable_en.pdf)

[RD.20] WMO Code Tables and Flag Tables associated with BUFR/CREX table B, version 29 (WMO Publication, available at
http://www.wmo.intlpages/prog/www/WMOCodesNVM0306_vl2/PrevVERSIONS/20171108/WM0306_VI2_BUFRCREX_CodeFIag_en.pdf)

[RD.21] P.Lean, G.Kelly & S.Migliorini, 2014: Characterizing AMV height assignment errors in a simulation study (Proceedings
12" International Wind Workshop, EUMETSAT Pub.63).

[RD.22] A Hernandez-Carrascal & N.Bormann, 2014: Cloud top, Cloud centre, Cloud layer — Where to place AMVs? (Proceedings
12" International Wind Workshop, EUMETSAT Pub.63).

[RD.23] K.Salonen & N.Bormann, 2014: Investigations of alternative interpretations of AMVs (Proceedings 12" International Wind
Workshop, EUMETSAT Pub.63).

[RD.24] D.Santek, J.Garcia-Pereda, C.Velden, I.Genkova, S.Wanzong, D.Stettner & M.Mindock, 2014: 2014 AMV Intercomparison
Study Report - Comparison of NWC SAF/HRW AMVs with AMVs from other producers (available at
http://www.nwcsaf.org/aemetRest/download Attachment/225)

[RD.25] D.Santek, R.Dworak, S.Wanzong, K.Winiecki, S.Nebuda, J.Garcia-Pereda, R.Borde & M.Carranza, 2018: 2018 AMV
Intercomparison Study Report (available at http://www.nwcsaf.org/aemetRest/download Attachment/5092)

[RD.26] K.Salonen, J.Cotton, N.Bormann & M.Forsythe, 2015: Characterizing AMV height-assignment error by comparing best-fit

pressure statistics from the Met Office and ECMWF data assimilation systems (Journal of Applied Meteorology and
Climatology, Vol.54, Num.1).

Table 4: List of Reference Documents
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2. DESCRIPTION OF HIGH RESOLUTION WINDS (NWC/GEO-HRW)

2.1 GOAL OF HIGH RESoLUTION WINDS (NWC/GEO-HRW)

The NWC SAF High Resolution Winds (NWC/GEO-HRW) product aims to provide, for near real
time meteorological applications, detailed sets of “Atmospheric Motion Vectors” (AMVs) and
“Trajectories” from EUMETSAT’s Meteosat Second Generation (MSG), NOAA’s Geostationary
Operational Environmental Satellite series (GOES-N) and JMA’s Himawari-8/9 geostationary satellite
series.

An “Atmospheric Motion Vector” (AMV) is the horizontal displacement between two Earth positions
in two satellite images (“initial image” and “later image”), of a square “segment” of nxn pixels. The
square segment is defined through a specific cloudiness feature in visible, infrared or water vapour
images (and so called “cloudy AMV”) or through a specific humidity feature in cloudless areas in
water vapour images (and so called “clear air AMV”).

“Atmospheric Motion Vectors™ are associated with the horizontal wind in the atmosphere. Specific
exceptions exist to this, generally related to clouds which are blocked or whose flow is affected by
orography, or to lee wave clouds with atmospheric stability near mountain ranges. These exceptions
are identified and discarded, such as later explain in chapter 2.2.2.11 of this document.

The square “segment” of nxn pixels inside an image used for the AMV calculation is called “tracer”,
has a fixed size (called “tracer size”), and is identified by the pixel location of its centre (called “tracer
location”). Tracers are identified in the “initial image” and tracked in the “later image”, so defining the
AMV displacement between those images.

A “Trajectory” is the path defined by the displacement of the same tracer throughout several satellite
images.

AMVs and Trajectories are calculated throughout all hours of the day, as a dynamic information in the
NWC/GEO package, considering the displacement of tracers found in up to seven MSG/SEVIRI
channel images:

- The high resolution visible channel (HRVIS),

- Two low resolution 0.6um and 0.8um visible channels (VIS06, VIS08),

- Two low resolution 10.8um and 12.0pm infrared channels (IR108, IR120),

- Two low resolution 6.2um and 7.3um water vapour channels (WV62, WV73),
in up to three GOES-N/IMAGER channel images:

- The high resolution 0.7um visible channel (VIS07),

- One low resolution 10.7um infrared channel (IR107),

- One low resolution 6.5um water vapour channel (WV65).
or in up to six Himawari-8/9/AHI channel images:

- The very high resolution 0.6pm visible channel (VIS06),

One high resolution 0.8um visible channel (VIS08),
- One low resolution 11.2um infrared channel (IR112),
Three low resolution 6.2um, 6.9um and 7.3pum water vapour channel (WV62, WV70, WV73).

As already said in the Introduction, the adaptation of NWC/GEO-HRW to GOES-R satellite series is
under way and will be delivered as a patch for NWC/GEO v2018 software package throughout the
year 2019.
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The product includes pressure level information, which locates in the vertical dimension the calculated
AMVs and Trajectories, and a quality control flagging, which gives an indication of its error in
probabilistic terms, with auxiliary indicators about how the product was determined.

It has been developed by AEMET in the framework of the “EUMETSAT’s Satellite Application
Facility on support to Nowcasting and Very short range forecasting (NWC SAF)”. This product is
useful in Nowcasting applications, used in synergy with other data available to the forecaster.

For example, in the watch and warning of dangerous wind situations, in the monitoring of the general
atmospheric flow, of low level convergence (when and where cumulus start to develop), of divergence
at the top of developed systems, or other cases of small scale circulation or wind singularities.

It can also be used in form of objectively derived fields, and assimilated in Numerical Weather
Prediction Models (together with many other data), or as an input to Analysis, Nowcasting and Very
short range forecasting applications.

NWC/GEO-HRW output is similar to other products calculating Atmospheric Motion Vectors: winds,
trajectories and related parameters are calculated with a level 2 of processing. No level 3 of processing
(as a grid interpolation or a meteorological analysis based in NWC/GEO-HRW output) is included.
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2.2  THEORETICAL DESCRIPTION OF HIGH RESOLUTION WINDS (NWC/GEO-HRW)

This section discusses the physics of deriving “Atmospheric Motion Vectors (AMVs)” and
“Trajectories” from satellite imagery. The theoretical basis and practical implementation of the
corresponding algorithm is also described.

2.2.1 Physics of the problem

In order to forecast the weather, conventional observations are sparse, whereas satellite based
observations provide near global coverage at regular time intervals. The derivation of Atmospheric
Motion Vectors (AMVSs) from satellite images, which correspond to the displacement between two
satellite images of cloud or humidity features, is an important source of global wind information,
especially over the oceans and in remote continental areas.

Traditionally, AMVs are generated using imagery from geostationary satellites, which monitor a
constant region of the Earth. More recently, satellite winds have also been produced using imagery
from polar orbiters, as they provide coverage in the polar regions.

The Atmospheric Motion Vector general calculation process is composed of the following main steps:
1. The reading and preprocessing of the satellite data.

A data rectification is especially important considering satellite visible channels, for which
illumination conditions vary with the solar angle.

2. The location of suitable “tracers” in an “initial image”.

Suitable scenes (regions containing traceable cloud or humidity features) are selected in the
initial image.

3. The location of those tracers in a “later image”.

Each selected feature in the initial image is then “tracked” in successive images in order to
determine the displacement of the feature. Clouds or humidity patterns can change shape or
even disappear, but enough of them survive to produce a significant number of AMVs. With
shorter time intervals up to 15 minutes, the problem is smaller and more vectors are
calculated.

4. The “height assignment” of the tracers.

The pressure level of the feature must be determined to locate the AMVs in a tridimensional
position in the atmosphere. This is the step throughout the AMV derivation in which errors can
be more important. Several methods of height assignment are available: the comparison of the
infrared brightness temperature of the tracer with the forecast temperature of a NWP model,
radiance ratioing and water vapour/infrared window intercept techniques for the height
assignment of semitransparent clouds, statistical assignment schemes,...

5. The calculation of the AMV vectors and Trajectories.

Considering the geographical displacement between the “tracers” in the “initial image” and
their corresponding “tracking centres” in the “later image”.

6. A quality control.

An internal quality control scheme performs a selection, so that only the AMVs with a better
quality are accepted.
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2.2.2 Mathematical Description of High Resolution Winds (NWC/GEO-HRW)

2.2.2.1 Outline of the Algorithm

As a whole, NWC SAF/High Resolution Winds algorithm (NWC/GEO-HRW) is designed in a
modular way, so that it can be easy to handle and modify. The whole process includes the
corresponding following steps:

1.

Preprocessing:

* Includes the reading and geolocation of the Satellite data (Brightness temperatures and
Normalized reflectances from MSG, GOES-N or Himawari-8/9 images, with their latitudes,
longitudes, satellite and solar angles), and the reading of the NWP data and NWC/GEO product
outputs (CT, CTTH, CMIC) that are also going to be used in the NWC/GEO-HRW processing.

Processing:

« First, “tracers” are calculated in an “initial image” with two consecutive methods: Gradient and
Tracer characteristics.

« Later, these “tracers” are “tracked” in a “later image” through one of two different methods
(Euclidean distance or Cross correlation), with the selection of up to three “tracking centres” for
each “tracer”.

* “Atmospheric Motion Vectors (AMVs)” and “Trajectories” are then calculated, considering the
displacement between the position of each “tracer” in the “initial image” and the position of the
corresponding “tracking centres” in the “later image”.

* The pressure level of the AMVs and Trajectories is defined through one of two different methods
(“Brightness temperature interpolation method” or “Cross Correlation Contribution method”) for
their vertical location in the atmosphere.

Postprocessing:

* A Quality control with EUMETSAT “Quality Indicator” method is implemented, with the choice
of the “Best AMV” considering the up to three AMVs calculated for each tracer, and a Final
control check to eliminate wrong AMVs and Trajectories which are very different to those in their
vicinity.

* An “Orographic flag” can also be calculated, which incorporating topographic data detects those
AMVs and Trajectories affected by land influence.

The code was progressively developed with GOES, MFG and MSG satellite data. Examples with
MSG, GOES-N and Himawari-8/9 satellite series are presented throughout the description of the
algorithm to illustrate the process. The different options and coefficients are also presented. Many of
them are configurable: in such a case, this circumstance is specifically indicated.
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2.2.2.2 Preprocessing

During the initialization process, following parameters are extracted for the selected processing region:

1. Reflectances (normalized by NWC/GEOQ library taking into account the distance to the Sun) for
the images with which tracers are calculated and tracked, for all MSG, GOES-N or Himawari-8/9
visible channels to be used: MSG/HRVIS, VIS06 or VIS08;, GOES-N/VISO7; Himawari-
8/9/V1S06 or VIS08.

2. Brightness temperatures for the images with which tracers are calculated and tracked, for all MSG,
GOES-N or Himawari-8/9 Infrared or Water vapour channels to be used: MSG/IR108, IR120,
WV62 or WV73; GOES-N/IR107 or WV65; Himawari-8/9/IR112, WV62, WV70 or WV73.

3. Radiances for the images with which tracers are calculated and tracked, for MSG/IR108 and
WV62, GOES-N/IR107 and WV65, or Himawari-8/9/IR112 and WV62, if the “Image correlation
quality control test” defined in chapter 2.2.2.10 is used (implemented in the default configuration
but not mandatory).

4. Latitude and longitude matrices and solar and satellite zenith angle matrices for the image
locations in which tracers are calculated and tracked (which are calculated by NWC/GEO library).

5. NWP temperature profiles for the whole processing region in which NWC/GEO-HRW is run.

6. NWP wind component profiles for the whole processing region in which NWC/GEO-HRW is run,
if the “Forecast consistency quality control test” defined in chapter 2.2.2.10 is used, or if the NWP
“wind guess” for the definition of the “tracking area” in the “later image” such as defined in
chapter 2.2.2.4 is used, or if Validation statistics are to be calculated by the NWC/GEO-HRW
algorithm itself such as defined in chapter 2.3.1.4 (considering as reference winds NWP analysis
winds or NWP forecast winds). The first and third option are implemented in the default
configuration, but none of them are mandatory.

7. NWP geopotential profiles for the whole processing region in which NWC/GEO-HRW is run, if
the “Parallax correction” defined in chapter 2.2.2.9 or the “Orographic flag” defined in chapter
2.2.2.11 are used (implemented in the default configuration but not mandatory).

8. NWC/GEO-CT Cloud Type output for the image in which tracers are calculated, in case the
“AMV Cloud type” is used for the “Brightness temperature interpolation method height
assignment”, such as defined in chapter 2.2.2.5 (not mandatory).

9. NWC/GEO-CT Cloud Type and CTTH Cloud Top Temperature and Pressure outputs for the
image in which tracers are tracked, in case the “CCC method height assignment” defined in
chapters 2.2.2.6 t0 2.2.2.8 is used (implemented in the default configuration but not mandatory).

10. NWC/GEO-CMIC Cloud Phase, Liquid Water Path and Ice Water Path outputs for the image with
which tracers are tracked, in case the Microphysics correction for “CCC Method height
assignment” defined in chapter 2.2.2.7 is used (implemented in the default configuration but not
mandatory).

Only the satellite data for the requested channels, and NWP temperature data with a minimum number
of NWP levels (defined through configurable parameter MIN_NWP_FOR_CALCULATION, with a
default value of 4). All other data contribute to a higher number of AMVs and Trajectories and a better
quality of the output data. Detailed information on all configuration parameters used can be found in
chapter 2.3.3. The option to calculate AMVs and Trajectories with climatological data instead of NWP
data, possible with previous NWC/GEO-HRW versions, is not available anymore, since the amount
and quality of data provided in previous releases with the climatological data was significantly worse.

The satellite data (Normalized reflectances and Brightness temperatures) to be used in the calculation
of AMVs and Trajectories are stored in so-called brightness “N_Value matrices”. “N_Value matrix”
data are considered as integer values ranging from 0 to 255 (inside an 8 bit data range), being 0 a
predefined minimum value and 255 a predefined maximum value (different for each satellite channel).
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2.2.2.3 Tracer search

The process of NWC/GEO-HRW starts with the calculation of “tracers” (square “segments” of nxn
pixels, used as initial positions of an AMV and trajectory sector, and identified by a specific
cloudiness feature or humidity feature) throughout the processing region in an “initial image”. The
calculated tracers are stored in temporal files in SSAFNWC/tmp directory.

If no “tracers” are available for the AMV calculation from a previous run of NWC/GEO-HRW
software (including the case in which the running of the software starts), the tracer calculation is the
only process of NWC/GEO-HRW algorithm which is activated for that image, skipping all other
processes in the NWC/GEO-HRW algorithm. Once tracers from a previous run identified as “initial
image” are available and AMVs can be calculated, the following tracer calculation processes activate
as the final step of each NWC/GEO-HRW algorithm run.

Two “tracer” computation methods are applied: “Gradient” and “Tracer characteristics”. Both
calculate a tracer optimising the location of a “tracer candidate” around one of their “starting
locations”. Gradient method is by far more efficient in computing terms. Tracer characteristics method
is more specific: it defines additional tracers in still empty areas, with a longer but still reasonable
computing time.

These tracer computation methods are used one after the other in two different “tracer selection”
strategies throughout the region: the “single scale procedure” (in which one scale of tracers is
calculated), and the “two scale procedure” (in which two different scales of tracers are calculated:
“basic scale” and “detailed scale”, being the line and column size of the detailed tracers half the size
the one for basic tracers).

A “single scale procedure” calculating only “basic tracers” with a line and column “tracer size” of 24
pixels is proposed as default configuration. This configuration is specified with configurable parameter
CDET = 0. The latitude and longitude limits for calculation of AMVs and Trajectories can also be
specified with configurable parameters LAT_MAX, LAT_MIN, LON_MAX, LON_MIN.

A “tracer size” of 24 pixels for “basic tracers” and 12 pixels for “detailed tracers” is proposed as
baseline for the “two scale procedure”. This is activated with configurable parameter CDET = 1. The
latitude and longitude limits for the calculation of detailed AMVs and Trajectories can also be
specified with configurable parameters LAT _MAX_DET, LAT_MIN_DET, LON_MAX DET,
LON_MIN_DET.

These resolutions define different tracer scales between 48 to 96 km at subsatellite point (in the “basic
low resolution image scale”) and 6 to 12 km at subsatellite point (in the “detailed highest resolution
image scale™), with highest values related to GOES-N satellite series and lowest values related to
Himawari-8/9 satellite series. So, between ‘mesoscale B’ and ‘mesoscale y’ meteorological
dimensions.

The nominal observation frequency of 10 to 30 minutes is enough to track the majority of features
with these sizes, although in some cases like small cumulus over land related to the “detailed highest
resolution channel scale”, their lifecycle might be a bit short for this image frequency. The use of
NWC/GEO-HRW product in the “Rapid scan mode” with MSG satellites can be better to track tracers
of this small size.

In any case, the line and column “tracer size” in pixels of the “single or basic scale” can be defined
through configurable parameters TRACERSIZE_VERYHIGH for the Himawari-8/9 0.5 km very high
resolution images, TRACERSIZE_HIGH for the 1 km high resolution images (available in the three
satellite series), and TRACERSIZE_LOW for the 2 to 4 km low resolution images (available in the
three satellite series). NWC/GEO-HRW is defined to work with square shaped tracers, so similar
values for the line and column “tracer size” are kept for the processing.
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FIRST METHOD: GRADIENT

Starting from the upper left corner of the working region of the image, “starting locations” for the
tracer search with Gradient method are defined. Similar to the method defined by CIMSS/NOAA at
Hayden & Merrill, 1988 [RD.11], it has following steps:

1. To look for a “brightness value” (identified as any of the pixel values of the corresponding
“N_Value matrix”, inside a “tracer candidate” located in a ‘“starting location), greater than
configurable parameter BRIGHTNESS_THR_VIS (for visible cases, with default value 120) or
smaller than BRIGHTNESS _THR_OTHER (for other cases, with default value 240).

2. To verify if a difference exists between the maximum and minimum “brightness value” in the
“tracer candidate”, greater than configurable parameter GVAL_VIS (for visible cases, with
default value 60) or GVAL_OTHER (for infrared and water vapour cases, with default value 48).

3. To compute inside the “tracer candidate” the value and location of the “maximum brightness
gradient” |AN_Value(Ax) + AN_value(Ay)|, where A means a distance of 5 pixels in both line and
column directions. This “maximum brightness gradient” cannot be located on the edges of the
“tracer candidate”.

If all previous processes have been successful, a valid “tracer” is defined at the location of the
“maximum brightness gradient”. The “starting location” for the subsequent “tracer” is established by a
“pixel distance” between tracers, defined for Very high, High and Low resolution images respectively
by configurable parameters TRACERDISTANCE_VERYHIGH, TRACERDISTANCE_HIGH and
TRACERDISTANCE_LOW.

All tracers related to very low and low cloud types calculated with this “pixel distance” are kept.
Considering tracers related to other cloud types (if so defined by configurable parameter
HIGHERDENSITY_LOWTRACERS = 1, which is the default option), only one of every two tracers
is kept. With this new procedure, the spatial density of AMV data related to very low and low clouds
is larger than the one obtained with the previous versions of NWC/GEO-HRW algorithm, due to the
generally smaller “pixel distance” between those low level tracers.

After one failure in the definition of a tracer location with “Gradient method”, the “pixel distance” is
reduced to a half. Two consecutive failures defining a tracer location define a “coverage hole”.

SECOND METHOD: TRACER CHARACTERISTICS

The centres of “coverage holes” are the “starting locations” for the tracer search in a second iteration
with the “Tracer characteristics method™. It is based on new development. It is useful especially in the
visible cases, where many potential tracers can present fainter edges than in the infrared images,
because of cloudiness at different levels with a similar brightness.

It evaluates “tracer candidates™ at increasing distances from the “starting locations” (every 3 lines and
columns), inside a “maximum optimisation distance” (whose line and column size is half the “tracer
size”), until a valid “tracer” is found.

Two tests are applied in sequence for the tracer definition with this method:

1. “Frontier definition in the N Value Histogram test”:

It includes two parts, both based on histogram classification of the “N_Value matrix™ pixels in a
“tracer candidate”.

In its first part, a “significant brightness contrast” is to be found in the pixels of the “tracer
candidate”. Considering the values of the different centiles of the “N_Value matrix histogram”
(CENT _nn%), it is necessary that:

1. CENT_90% >0.95-MIN_BRIGHTNESS_THR and CENT_10%>0;
2a. CENT_97%-CENT_03%>LARGE_CONTRAST if CENT_97%>1.25-MIN_BRIGHTNESS_THR or
2b. CENT_97%-CENT_03%>SMALL_CONTRAST if CENT_97%<1.25-MIN_BRIGHTNESS_THR.
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The last condition allows that “tracer candidates” related to extended cloudiness can have less
contrast in their brightness. It is mandatory that these conditions be met at the “starting location” of
the “tracer candidate”. If not, the “tracer candidate” is skipped.

In the second part, one or more significant histogram minima or “frontiers™ are to be found in the
“N_Value matrix histogram” for the “tracer candidate”. The default running of NWC/GEO-HRW
algorithm keeps only the most significant “frontier” in the processing.

The “frontier” defines for the “tracer candidate” a group of “bright pixels” (defined as those pixels
brighter than the given frontier) and a group of “dark pixels” (defined as those pixels darker than
the given frontier).

Cent. (Jent. Cent. Cent.

Frontier Min. Brightness

Frequency
oo
&

Figure 1: Example of “N_Value matrix histogram” (unsmoothed in violet and smoothed in pink) for a
valid Low resolution visible “tracer candidate ”. The minimum brightness threshold,
the algorithm centiles and the defined frontier are also shown

2. “Biqg pixel brightness variability test”:

The “tracer candidate” is now considered as a coarse structure of 4x4 pixels (called “big pixels”),
to be classified according to the brightness of their pixel population. Three classes are possible:

CLASS_0: 'dark big pixel', < 30% of its pixels are “bright pixels”;
CLASS_2: 'bright big pixel', > 70% of its pixels are “bright pixels”;
CLASS_1: 'undefined big pixel', intermediate case.

It is requested to avoid ambiguous cases that both CLASS 0 and CLASS_2 appear at least once
in the “4x4 big pixel matrix”, while the incidence of CLASS_1 being less than twice the less
frequent of the other ones.

The “4x4 big pixel matrix” is also checked for enough brightness variability in the different
directions. At least two CLASS 0 to CLASS 2 or CLASS_ 2 to CLASS 0 transitions must exist
along all four main directions in the “4x4 big pixel matrix”: rows, columns and ascending and
descending diagonal directions. For this, all linear arrays are checked in the row and column
directions, while only linear arrays with at least 3 elements are checked in the diagonal directions.

In the case the “Big pixel brightness variability test” is not successful but just along one direction,
and no other frontiers can be selected, the frontier is retained as an “almost good frontier” and a
tracer is still defined at this location.

Example of tracer with its corresponding structure of 'Big pixels”:
- Class 2 pixels in dark blue (bright pixels).
- Class 1 pixels in violet.
- Class 0 pixels in light blue (dark pixels).

The results of the 'Big pixel Brightness variability test' is also shown.
- 'Good transitions' shown in red.

A minimum of two 'Good transitions' in all four directions
(rows, columns, ascending and descending diagonals)
is necessary to pass the test.

Figure 2: Example of running of the ‘Big pixel brightness variability test’ for a valid tracer candidate
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TRACER CLOSENESS CONDITION

No tracer is retained if it is found too close to a previously computed one (“closeness threshold™). So,
each time a tracer is computed all pixels located nearer than the “closeness threshold” are added to a
“pixel exclusion matrix”, and excluded as potential tracer locations.

Considering this, with “Gradient method” the “maximum brightness gradient” is not evaluated at
locations inside the “pixel exclusion matrix”. With “Tracer characteristics method” no computations
are evaluated for a “starting location” with pixels inside the “pixel exclusion matrix”.

An additional condition is verified here, through which all pixels inside a “tracer” must have a satellite
zenith angle (and a solar zenith angle in the case of visible channels) smaller than a maximum
threshold (configurable parameters SAT_ZEN_THRES and SUN_ZEN_THRES respectively, with
default values 80° and 87°). This guarantees that the illumination and satellite visualization conditions
are good enough for the definition of the tracers.

DETAILED TRACERS IN THE TWO SCALE PROCEDURE

The “Basic scale” in the “two scale procedure” works in a similar way than the procedure here
described for the “single scale procedure”, while additionally defining “starting locations™ for the
“Detailed scale”, when one of following conditions are met:

o No “Basic tracer” has been found, but at the “starting location” of a “tracer candidate”
following condition occurs: CENT_97%>0.85*MIN_BRIGHTNESS_THR. A “Detailed tracer
unrelated to a Basic tracer” is so defined, with a slightly lower brightness threshold.

o A “Wide basic tracer” has been found, in which CLASS_2 values appear in both first and last
row, or in both first and last column, of the “4x4 big pixel matrix” used in the “Big pixel
brightness variability test”. In this case four starting locations are defined for the “Detailed
scale”. Each of them is located at the corners of a “Detailed tracer” whose centre is the centre
of the “Basic tracer”.

o A “Narrow basic tracer” has been found, in which CLASS_2 values do not appear in both first
and last row, nor in both first and last column, of the “4x4 big pixel matrix” used in the “Big
pixel brightness variability test”. In this case, only one starting location is defined for the
“Detailed scale”, whose centre is defined by the weighted location of the “Big pixels” in the
“4x4 big pixel matrix”.

TRAJECTORIES

With the default configuration, with configurable parameter CALCULATE_TRAJECTORIES = 1,
the definition of new “tracer locations” starts at the integer line/column location of all “tracking
centres” related to valid AMVs in the previous round, when they are available.

A set of “persistent tracers” can so successively be defined and tracked in several images, and the
progressive locations of the tracer throughout the time define “Trajectories”. For this, it is necessary
that the conditions implied by the "tracer method" used for the determination of the tracer in the
“initial image”, keep on being valid throughout all the images.
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EXAMPLES OF AMVs RELATED TO DIFFERENT TYPES OF TRACERS

Examples of AMVs related to different types of tracers for MSG satellite series, considering the tracer
method and the tracer type, are shown next. In Figure 3, “Basic tracers” considering the tracer method
(“Gradient tracers” and “Tracer characteristics tracers”). In Figure 4, “Basic and Detailed tracers”
considering the tracer type (“Basic tracers”, “Detailed tracers unrelated to Basic tracers”, “Detailed
tracers related to Wide basic tracers”, and “Detailed tracers related to Narrow basic tracers”).

Figure 3: “Basic scale AMVs” (in red and green, considering the Tracer calculation method
used for their extraction), in the Single scale NWC/GEO-HRW example
defined in the European and Mediterranean region with the default
$SAFNWC/config/safnwc HRW MSG.cfm model configuration file
(14 May 2010 12:00 UTC, Nominal scan mode, MSG2 satellite)

Detolled Trac ~eloted to Hide Boslc Trocers

Figure 4: “Basic scale AMVs” (in red), and “Detailed scale AMVs” (in yellow, green and blue,
considering their relationship with the Basic scale AMVs), in a Two scale NWC/GEO-HRW example,
defined in the European and Mediterranean region with the default
SSAFNWC/config/safnwc HRW MSG.cfm model configuration file with parameter CDET =1
(14 May 2010 12:00 UTC, Nominal scan mode, MSG2 satellite)
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2.2.2.4 Tracer tracking

The “tracking” process looks for the location of a “tracer” computed in an “initial image”, inside a
portion (“tracking area”) of a “later image”. The process performs a pixel by pixel comparison
between the tracer “prightness values” and those of a square “segment” of the same size (“tracking
candidate”), repeatedly moving this “tracking candidate” throughout the “tracking area”.

For a “tracking candidate (i,j)” inside this “tracking area”, the algorithm used for the “tracking”
process is one of the well known methods:

- Euclidean distance (configured through TRACKING = LP), in which the sum LPj = ZX(T-S)? is
calculated. T/S correspond to the “brightness values™ for the “tracer” and the “tracking candidate”
pixels at correlative locations.

The best “tracking locations” are defined through the minimum values of the sum LP;;.

- Cross correlation (configured with TRACKING = CC, which is the default option), in which the
normalized correlation value CCj = COVrs/(or.os) is calculated. T/S correspond to the
“brightness values” for the “tracer” and the “tracking candidate” pixels at correlative locations;
CQV is the covariance between their “brightness values”; o is the standard deviation or the
“tracer” and “tracking candidate” “brightness values”.

The best tracking locations are defined through the maximum values of the correlation CC;;.
Operatively, the tracking CCj is implemented through the derived expression (with a better
computing efficiency, in which NUM is the total number of pixels inside the “tracer”):

[ZXT?+ 2352 - 23(T-S)%)/2 - TXT2-23XS?/INUM
CGCi=

V[ZZT? - (ZET)YNUM] - V[EES? - (£2S)Y/NUM]

The centre of the “tracking area” can preliminarily be defined through a “wind guess” obtained from
the NWP forecast of the rectangular wind components, interpolated to the tracer location and level.
This permits to reduce the “tracking area” size and the running time of NWC/GEO-HRW algorithm,
and is applied using configurable parameter WIND_GUESS = 1.

Nevertheless, NWC/GEO-HRW algorithm has been optimized not to use the “wind guess” as default
option, so reducing the dependence of the calculated AMVs from any NWP model used. Although the
running time can be around two to three times longer, it is recommended to keep operationally the
configuration without use of “wind guess” with configurable parameter WIND_GUESS = 0.

Figure 5: A low resolution tracer at 11:45 UTC (O red mark), its position defined by NWP wind guess
at 12:00 UTC (O yellow mark), and its true tracking position at 12:00 UTC defined by HRW algorithm
(O blue mark), for an example case (Basic AMVs in Nominal scan mode, MSG2 satellite).

The “yellow tracking area” (with its centre at the position defined by the NWP wind guess at
12:00 UTC) corresponds to the option using wind guess for the definition of the tracking area.

The “green tracking area” (with its centre at the position of the tracer at 11:45 UTC) corresponds to
the option not using wind guess for the definition of the tracking area. The larger size of the tracking
area when the wind guess has not been used is to be noticed, which causes a longer time for the
running of HRW algorithm, but at the same time reduces the dependence from the NWP model
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The line and column size in pixels of the “tracking area” is calculated so that it is able to detect
displacements of the tracer of at least 272 km/h in any direction (value of configurable parameter
MINSPEED_DETECTION), when the wind guess is not used in the definition of the tracking area.
When the wind guess is used, this MINSPEED_DETECTION parameter is to be understood as the
minimum difference in speed with respect to that of the NWP wind guess that the NWC/GEO-HRW
algorithm is able to detect.

To avoid the computation of LPi/CCj in all (i,j) locations in the “tracking area”, a gradual approach is
performed in four iterations, based on the idea that the Euclidean distance and Correlation change
slowly (Xu and Zhang, 1996) [RD.14]:

e In a first iteration, a pixel computation GAP = 8 is applied: LP/CCj is evaluated only at
(1,1),(1,9),...(9,1),(9,9),... pixel locations inside the “tracking area”. The four locations with the
best LP/CC;; values are retained for the following iteration.

¢ In the second, third and fourth iterations, LP;/CCj; is only evaluated if possible at four locations
around each one of the four best locations retained in the previous iteration, defined by:

(imax-GAP, jmax-GAP), ..., (imaxtGAP, jmaxtGAP),
for which GAP reduces to a half in each one of the iterations until having the value 1.

After all four iterations, the three “tracking centres” (MAX_NUM_WINDS) with the best Euclidean
distance/Correlation values are retained. With Cross correlation, it is also requested that the absolute
maximum correlation value be greater than configurable parameter MIN_CORRELATION (with a
default value of 80% for MSG and Himawari-8/9 satellite series, and 50% for GOES-N satellite
series).

In the default configuration, the line/column and latitude/longitude location of the three best “tracking
centres” is refined through second order interpolation with “subpixel tracking” process (with
configurable parameter USE_SUBPIXELTRACKING = 1). Considering for example “Cross
correlation tracking method”, being POS_REAL and POS the line/column location of the “tracking
centre” after and before this interpolation, and CC.;, CC.1, CC the correlation values one position
up/left from, down/right from, and at the “tracking centre”:

POS_REAL = POS + (CC.; — CCs1) / [2:(CC.1 + CCsy — 2-CC)].

SELECTION OF THE MAIN TRACKING CENTRE

The reason to preserve more than one “tracking centre” is that the one with best Euclidean
distance/Cross correlation values (the “main tracking centre”) could not be the right one.

The other “secondary tracking centres” are so promoted to “main tracking centre” if following
conditions occur for them:

e ‘Brightness temperature mean difference and standard deviation difference” between the “tracer”
and the “secondary tracking centre” smaller than 2 K.

e ‘Big pixel class difference’, defined as the sum of squared differences in the amounts of each “big
pixel class” (CLASS_0, CLASS 1, CLASS_2) between the “tracer” and the “secondary tracking
centre” smaller than 4.

e ‘Centile difference’, defined as the difference in the location of the “frontier” inside the
‘brightness centiles’ between the “tracer” and the “secondary tracking centre” smaller than 20%.

If the “centile difference’ is larger than 20%, the “secondary tracking centre” can still be promoted to
“main tracking candidate” if, defining a new “frontier” value as the mean value of the frontiers in the
“tracer” and the “secondary tracking centre” and recomputing the “Big pixel class difference”, its
value is smaller than 6.

If no “secondary tracking centre” is complying with these conditions, the procedure is still tried
relaxing “Brightness temperature difference” and “Big pixel class difference” limits to double values.
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MIXED CALCULATION METHOD

The “initial image” related to the tracer calculation and the “later image” related to the tracking centre
calculation are not necessarily consecutive, and depend on the value of configurable parameter
SLOT_GAP.

In NWC/GEO-HRW v6.0, the default configuration implies the use of consecutive images (separated
by 10 minutes with Himawari-8/9 series, by 15 minutes with MSG series, and by 15 or 30 minutes
with GOES-N series) in “Nominal scan mode”, and the use of alternate images (one out of every two,
separated by 10 minutes) in “Rapid scan mode” with MSG satellites. No “Rapid scan mode” option
has been defined for use with GOES-N or Himawari-8/9 satellite series.

In NWC/GEO-HRW v6.0, a “mixed calculation method” considering short and long time intervals at
the same time is available for the first time with configurable parameter MIXED_SCANNING = 1,2
(not used as default option), through which tracers are to be tracked considering the minimum time
interval possible, but the corresponding AMVs and Trajectories are calculated considering the
displacements in longer time intervals (defined by parameter SLOT_GAP = 2,3,4).

MIXED_SCANNING = 1 option writes AMVs and Trajectories for every slot since the first long time
interval is reached. MIXED_SCANNING = 2 writes AMVs and Trajectories only every SLOT_GAP
slots instead.

This “mixed calculation method” is useful for the calculation of AMVs with high resolution images,
and for the improvement of the quality of the calculated AMVSs. This is caused by the smaller changes
in the features evaluating the tracking in shorter time intervals (and so the smaller possibilities for a
wrong tracking), and the smaller problems with the spatial resolution evaluating the displacements in
longer time intervals.

Intermediate AMVs,
whose calculation is
needed so that
the process is
considered as valid

Position

on

of tracer
osition f tracer :
of tracer at41:557 at12:002
Position at 11:507 .
of tracer Valid AMV,
at 11:45Z considered with
positions of

the tracer at
11:45Z and 12:00£
Figure 6: Example of processing with the “mixed calculation method” for
MSG satellite series “Rapid scan mode ”, in which the tracers are tracked every 5 minutes
(so providing three intermediate AMVSs) but the valid AMVs are calculated every 15 minutes
(considering the initial and final position of the tracer only)

For the AMVs related to this “mixed calculation method”, the latitude and longitude are calculated
considering the first location of the tracer only. The latitude and longitude increment, the speed and
direction are calculated considering the first and final location of the tracer only. Other parameters are
calculated considering the mean value of the parameter for all corresponding intermediate AMVs (the
tracer size in metres, the satellite zenith angle, the correlation, the temperature and height, the pressure
values, the liquid/ice water path). All other parameters are calculated considering the value of that
parameter for the last corresponding intermediate AMV only (the quality parameters and all absolute
categories like the cloud type).

This “mixed calculation method” implies an AMV calculation process more similar to that defined in
general by other AMV calculation centres, in which all AMVs are related to the calculation of several
intermediate AMVs (when the “mixed calculation method” is not activated in NWC-GEO/HRW
algorithm, not all AMVs are related to the calculation of several intermediate AMVS).
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EXAMPLES OF AMV TRACKING FOR THE DIFFERENT SATELLITES

Examples of AMVs for MSG, GOES-N and Himawari-8/9 satellites are shown next in Figures 7, 8
and 9, considering the satellite channel used for the AMV calculation, and their consideration as
Cloudy AMVs or Clear air AMVSs.

for the MSG series High Resolution Winds example defined in Figure 31
(14 May 2010, 12:00 UTC, MSG2 satellite)

-
NHCSAF AHRH ES - Z0

WYOES Clear Alr AMYs

Figure 8: AMVs considering the satellite channel used for the AMV calculation,
for the GOES-N series High Resolution Winds example defined in Figure 33
(1 July 2010 17:45 UTC, GOES13 satellite)
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slear Alr AMYz

Figure 9: AMVs considering the satellite channel used for the AMV calculation,
for the Himawari-8/9 series High Resolution Winds example defined in Figure 35

(2 April 2018 00:00 UTC, Himawari-8 satellite)
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2.2.2.5 “Brightness temperature interpolation method” height assignment

“Brightness temperature interpolation method” height assignment method is used with configurable
parameter DEFINEWITHCONTRIBUTIONS = 0, when the wind guess is used to define the “tracking
area” in the later image with configurable parameter WIND_GUESS = 1, or when NWC/GEO-CT
Cloud Type or NWC/GEO-CTTH Cloud Top Temperature and Pressure outputs are not available for
the processing region for the image in which “tracers” are “tracked”.

This height assignment method is only available if a NWP temperature forecast with a minimum
number of NWP levels is provided (configurable parameter MIN_NWP_FOR_CALCULATION, with
a default value of 4). If the number of NWP temperature levels is smaller, the processing of
NWC/GEO-HRW algorithm stops, without calculating any AMVs or Trajectories.

The input for the height assignment is the corresponding brightness temperature for each one of the
infrared and water vapour channels; IR108 brightness temperature is used for the MSG visible
channels, IR107 brightness temperature is used for the GOES-N visible channels, and IR112
brightness temperature is used for the Himawari-8/9 visible channels. With these data:

e A “Base temperature” is computed with Tgae = TaveragetSIGMA_FACTOR-Gcioud, Where
T average 1S the mean value and ocioud the standard deviation of the brightness temperature for the
tracer pixels. SIGMA_FACTOR is a statistically fitted factor, with a value of 1.2 for the
visible channels and 0.0 for the infrared and water vapour channels.

e The “Top temperature” is computed through the coldest class in the brightness temperature
histogram for the tracer pixels, with at least 3 pixels after histogram smoothing. If no value is
found, the coldest class with at least 2 pixels is considered.

A conversion of these two temperature values to pressure values (“Base pressure” and “Top pressure”)
is then done through interpolation inside the nearest NWP temperature forecast profile. For this,
vertical interpolation inside the lowest pressure interval containing the desired temperature, with
temporal interpolation inside the two nearest time values for which NWP profiles have been provided,
are considered. 1000 or 100 hPa pressure limits are also defined (MAX_PRESSURE_BOUNDARY
and MIN_PRESSURE_BOUNDARY) for this height assignment process.

With configurable parameter USE_CLOUDTYPE = 1, if NWC/GEO-CT Cloud Type output is
available for the processing region for the image with which tracers were calculated, it is read to define
which of the calculated pressure values (“Base pressure” or “Top pressure”) relates best to the
displacement defined by the AMV.

For this, the “AMYV cloud_type” parameter is defined as the most common value of NWC/GEO-Cloud
Type output inside the tracer pixels, if its presence is at least 3/, times the one of the second most
common value. If this condition does not occur, values “AMV cloud type” = 21 (multiple cloudy
types), = 22 (multiple clear air types), or = 23 (mixed cloudy/clear air types) are defined, respectively
when the two most common cloud types inside the tracer pixels are both cloudy types, both clear air
types, or any other case.

If NWC/GEO-CT Cloud Type output is not available or USE_CLOUDTYPE = 0, the “AMV cloud
type” is defined as “not processed”. All possible values for the “AMV cloud type” parameter are in
Table 5.

Considering the statistical study shown in the “Validation Report for High Resolution Winds (HRW
v3.2), [AD.12]”, some tracers are eliminated depending on the “AMV cloud type” value and the
satellite channel with which they have been calculated. These cases are identified in a blue cell in
Table 6, and are related to: cloud free tracers in visible and infrared channels (with less than a 2.5% of
cloudy pixels), fractional clouds, and cloud types for which the validation statistics are significantly
worse.
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In the rest of cases, the AMV pressure level is defined such as also shown in Table 6. If the “AMV
cloud type” has not been calculated, the “Base pressure” is considered for all AMVs because most
cloud types fit better with the “Base pressure”.

Operationally, this height assignment method runs before the “tracking” process. When the wind guess
option is used for the definition of the “tracking area”, the “tracking area centre” is calculated through
the displacement of the “tracer centre” location, considering the NWP rectangular wind components at
the pressure level defined by this height assignment method.

Possible values of the “Tracer cloud type” parameter

1 Cloud free land 11 High semitransparent thin clouds

2 Cloud free sea 12 High semitransparent meanly thick clouds
3 Land contaminated by snow/ice 13 High semitransparent thick clouds

4 Sea contaminated by ice 14 High semitransparent above other clouds
5 Very low cumulus/stratus 15 High semitransparent above snow/ice

6 Low cumulus/stratus 21 Multiple cloudy types

7 Medium cumulus/stratus 22 Multiple clear air types

8 High opaque cumulus/stratus 23 Mixed cloudy/clear air types

9 Very high opaque cumulus/stratus 31 Unprocessed cloud type (BUFR output)

10 Fractional clouds 255 Unprocessed cloud type (NETCDF output)

Table 5: Possible values of the “AMV cloud type ” parameter

MSG channels HRVIS VI1S06 WV73 IR108 IR120

GOES-N channels VIS07 IR107

Himawari-8/9 channels VIS06 VIS08 WV70 WV73 IR112

1 Cloud free land

2 Cloud free sea

3 Land contaminated by snow/ice

4 Sea contaminated by ice

5 Very low cumulus/stratus

6 Low cumulus/stratus

7 Medium cumulus/stratus

8 High opaque cumulus/stratus

9 Very high opaque cumulus/stratus

10 Fractional clouds

11 High semitransp. thin clouds Top

12 High semitransp. meanly thick clouds Top Top Top Top Top

13 High semitransp. thick clouds Base Base Base Base Base

14 High semitransp. above other clouds Base Base Base Top Top

15 High semitransp. above snow/ice Base Base Base Top Top

21 Multiple cloud types Base Base Base Base Base

Base Base

23 Mixed cloudy/clear air types Base Base Base Base Base Base
Table 6: AMV filtering related to the “AMV cloud type ” and the satellite channel,
and consideration of the “top pressure” or “base pressure” in the “Brightness temperature
interpolation height assignment method ” for the valid cases

22 Multiple clear air types Top Top Top
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2.2.2.6 ?CCC method” height assignment (Cloudy cases)

“CCC method - Cross Correlation Contribution method” height assignment is implemented with
configurable parameters TRACKING=CC and DEFINEWITHCONTRIBUTIONS=1. It is run after
the “tracking” process, and it is the default option for all satellite series. The method was developed by
Régis Borde and Ryo Oyama in 2008, and is fully documented in the Paper “A direct link between
feature tracking and height assignment of operational AMVs” [RD.17].

It requires the use of “cross correlation” as “tracking” method, and the calculation of NWC/GEO-CT
Cloud Type and CTTH Cloud Top Temperature and Pressure outputs for the processing region and the
image in which tracers are tracked, before the running of NWC/GEO-HRW product. If these outputs
are not available, NWC/GEO-HRW product skips this method and uses the “AMV pressure” and
“AMYV temperature” values provided by “Brightness temperature interpolation method”.

In case the “wind guess” has been used for the definition of the “tracking area” (with configurable
parameter WIND_GUESS = 1), the “AMV pressure” and “AMV temperature” values calculated by
“CCC method” replace the values calculated previously by “Brightness temperature interpolation
method”.

“CCC method” has the advantage of including in the height assignment all procedures included in
NWC/GEO-CTTH product for the cloud top pressure calculation, and which are common methods
used by other AMV producers, including:

e Opaque cloud top pressure retrieval considering Infrared Window channels, with simulation of
radiances with RTTQOV, and possibility of thermal inversion processing.

e Semitransparent cloud top pressure retrieval with the Radiance ratioing technique and the
Water vapour/infrared window intercept method, considering Water Vapour and Carbon
Dioxide channels.

“CCC method” defines the “AMV pressure” and “AMYV temperature”, considering only the pressure
and temperature of the pixels contributing most to the “cross correlation” between the “tracer” in the

“initial image” and the “tracking centre” in the “final image”.

For this, the “partial contribution to the correlation” (CC;;) from each pixel inside the “tracer” and the
“tracking centre” is defined with the following formula, in which respectively for the “tracer” and the
“tracking centre” T;/S;j are the “brightness values” for each pixel, Tw/Su are the mean values and
o7/os the standard deviations of the “brightness values”, and NUM is the total number of pixels inside
the “tracer” or “tracking centre”:

CCij= (Tij— Twm)-(Sij— Sm) / NUM-or.05.

The graph ‘Normalized reflectance(Partial contribution to the correlation)’ for the visible channels, or
the graph ‘Brightness temperature(Partial contribution to the correlation)’ for the infrared/water
vapour channels has in general the shape of the letter ‘C’, as shown by the lower graphs in Fi