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PREFACE

This Technical Note deg ribes (he maps and grids currently used at the Arr
Force Global Weather Central (AFGWC) o provide cunventional meteorological
support. It does not discuss those vsed {or <pace environmental support,
however. The emphasis 1s on the wmathemat i ai equations needed for proper
earth location of meteorological dava ou hoth waps and grids. Tnis Technical
Note is intended to serve as¢ a relercuce for programmers., in addition, 1t
provides information for users ol AFCWC products and the weteorolopical
comnunity at large.

‘o keep this publication as current anwd nseful as possible, we ask your
help.  Please direct your comments on, lor cxample, errors or possible
additional topics to AFGWC/TS, Otfutt Air Force Base, Nebraska 681173.

This publication could not have be-n conpicted without the help of many
people:

Mr. H. A. Bedient, National Moteorological Center, Automation
Division, for sharing his firsthand knowledge of (he development of grid
systems 1in the early days of operational numerica! weather prediction.

Major Jan.s Hatch, AFGWC/DOY, for providing his lnsight on ilmportant
subjects to be included and wnformetion on the Sateilite Global Data Base and
Three-dimensional Nephanalysis porticns.

Lieutenant Colonel Wiiliam lrviue, Jr., AFGWC/TSL, and Major Terry
Tarbell, AFGWC/TSIN, for their tremendous support, guidance, and encouragement
throughout the project.

Captain Don Janssen, AFCWC/ADSS, for his help with the Satellire
Ctobal Data Base scetions,

Mr. Andrew Johnson, formerly APGWC/WEDL, for his initial work on the
grids portion of this Technical Note.

Capt Fred Lewis, AFGWC/TSIN, tor fiis worl in detewmining the
orientation of coordinate axes foir the grid svsilems.

Major Michael Lewis, forwmerty AFGLC/DOY | foy providing important
1deas on the scope and nature of this publication.

Mrs. Trene Stubbs and Mr. Heary lacia, Euvironmental Science
information Center, Library and Information Services Division, Camp Springs
Center, for their assistance in obtaining teclhinical literature upon which part
of this Technical Note is based.

The following members of the Target Acquisition Section, AFGWC/TSIT,
for their assistance with the grid systems used in cloud analysis and
torecasting:

Major Arnold Friend,
Captain Kenneth Mitchell,
Captain Thomas Walters.

The many people of the 544th Strategic Intetligence Wing. Target
Matertals Squadron, Photographic Services Branch, for their outstanding,
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timely, and professional photographic support, which was a key element in the
preparation of this Technical Note.

The following reviewers, for their very valuable comments and
suggestions:

Mr. Arthur Gulliver, AFGWC/DO,

Lieutenant Colonel William Irvine, Jr., AFGWC/TSI,
Lieutenant Colonel Ronald Lininger, AFGWC/TSA,
Captain Kenneth Mitchell, AFGWC/TSIT,

Major Terry Tarbell, AFGWC/TSIN.

For their clerical and administrative support, Staff Sergeant
Kathleen Tittle, AFGWC/TSA, and the following members of the AFGWC Word

Processing Center:

Mary Ann Kosmicki,
Mary DeSessa,
Melissa Hockman.
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Captain John L. Hayes
Second Lieutenant Larry G. Renninger
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L1S1T OF SYMBOLS

The symbology for this Technical Note is summarized in this section.
Definitions and acronyms are piven in the Glossary.

R ST e L e e 01

i a - Radius of the earrh. The radius of a sphere having the same
g volume as the carth 1s 6371.2213 km.
By, - 3DNEPH box number.
E By - SGDB box number.
; de - Distance between grid points on the earth's surface.
d,! - Distance between prid points on the earth's surface in the
north-south divection on a Mercator projection.
di - Distance between grid points on the image plane.
dpy - Distance between grid points on the map.
d - The distance of 381 k. Amung other things, this distance
equals the whole-mesh prid lergth at 60°N (or ©°S) for
polar stereographic projections, as well as the distance
between grid points on the image plane for polar stereographic
projections true at 609N (or OS).
G - Grid designator for Mercator grids.
H - Designator of the hemisphere on which a polar stereographic
projection is centered.
1 - Indicator of position relative to grid points in the *'x
direction.
I - I index for a secoand grid.
IM - Total number of points in the east-west direction for a
Mercator grid.
Iy - Number of nonduplicated points in the east-west direction for
a Mercator grid.
Ly - 1 index for the 3DNEPH Box 1J convention.
Inp - I index of the North Pole.
Ip - I index of the pole.
Ip' - I index of the pole for a second grid.
Lg - I index for the SGDB Box IJ conventicn as used in this
Technical Note.
.
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1ndex

index

index

index

index

index

‘ndex

index

index

ALl op
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for the SGDB Box IJ convention as used in SYNAPS.
of the South Pole.

for a whole-mesh grid.

for a whole-mesh grid as used in SYNAPS.

for a half-mesh grid.

for a quarter-mesh grid.

for an eighth~mesh grid.

for a sixty-fourth-mesh grid.

for a sixty-fourth-mesh grid as used in SYNAPS.

Indicator of position relative to grid points in the 'y
direction.

J index for a second grid.

J index of the Equator for a Mercator grid.

Number of points in the north-south direction for a Mercator
grid.

J

J

J

J

index

index

index

index

for the 3DNEPH Box IJ convention.
of the North Pole.
of the pole.

of the pole for a second grid.

J index for the SGDB Box IJ convention as used in this
Technical Note.

J

J

index

1ndex

index

index

index

index

index

index

for the SGDB Box IJ convention as used in SYNAPS.
of the Soutk Pole.

for a whole-mesh grid.

for a whole~mesh grid as used in SYNAPS.

for a half-mesh grid.

for a quarter-mesh grid.

for an eighth~mesh grid.

for a sixty~fourth-mesh grid.
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- J 1index for a sixty-fourth-mesh grid as used in SYNAPS. '
- Any 1nteger.

- Mesh factor.

- Mesh factor for a gecond grid.
- Map factor.

- Constant of the cone.

- Radial distance on the image plane between the pole and a
given latitude in mltiples of grid length d;. |

- Radial coordinate of the image-plane polar coordinate system ‘
(r,0).

- Scaling parameter defined for polar stereographic projections
s0 that whole-mesh prid polnts are exactly 381 km apart at
60N (or 98) on the carth's surface, regardless of the
standard Tatitude.

- Wind component in the 'x direction.

- Wind component in the 'y direction.

- Grid-point Carteslian coordinate in the x direction; expressed
in multiples of grid length d; (which is a function of mesh
size) from the y axis.

- X coordinate for a whole-mesh grid.

- A coordinate of the image-plane Cartesian coordinate system
(x,y). The distance x from the y axis 1s with respect to the
image plane, not the surface of the earth.

- Grid-point Cartesian coordinate in the y direction; expressed
in multiples of grid length d; (which is a function of mesh
size) from the x axls.

- Y coordinate for a whole-mesh grid.

- A coordinate of the image-plane Cartesirsn coordinate system
(x,y). The distance y from the x axis 1s with respect to the
image plane, not the surface of the earth.

- Longitudinal (east-west) spacing between grid points.

- Latitudinal (north-south) spacing between grid points.

- Azimuthal coordinate of the image-plane polar coordinate
system (r,0).

- Longitude.
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! Xo - Reference longitude.
é n - Map scale.
% m - The constant 3.14159... g
é o - Image scale.
1% ¢ - Latitude.
% $o - The standard latitude for a polar stereographic projection.
by - A standard latitude for a Mercator or Lambert conformal
* projection. '3
k b9 - A standard latitude for a Mercator or Lambert conformal 1

projection.
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SECTION 1. INTRODUCTION

The AFGWC system of maps and grids has evolved over the past 20 years.
The system in its present form is large and complex. Tarbe:l and Hoke (1979)
described factors that have led to the present form of the AFGWC
analysis/forecast system. These same factors have led to the development of
the system of maps cnd grids used to support the AFGWC analysis/forecast
system. These factors include:

a. AFGWC's mission to provide worldwide meteorological support.

b. The continual development of meteorological analysis and forecast
models and techniques at AFGWC and other locations in the meteorological
community.

c. The specific hardware at AFGWC.

d. The continual technological development of systems for taking
meteorological observations, especially meteorological satellites.

e. A greater availability of data in the Northern Hemisphere than in the
Southern Hemisphere.

f. A larger number of operationai requirements in the Northern Hemisphere.

g. The need for grids compatible with those of other U.S. numerical
weather centers.

In view of the above reasons, no master plan addressing the entire system
of maps and grids was possible when the system was initiated. Even today
changing operational requirements are refiected by the changing automated
analysis/forecast system. The system of maps ~nd grids must change with it.

There are two general classes of environmental support provided at AFGWC:
meteorological and space environmental. Meteorological support includes
observation, analysis, and forecasting of _he tropospheric and stratospheric
environment. Space environmental support includes observation, analysis, and
forecasting of the space and neav-space euvironment. Although some of the
maps and grids are not common to both, only those used to provide
meteorological support will be discussed in this Technical Note.

The mathematical details of the derivations of the various projections and
maps are not presented here. Also, we do not discuss the formulation of
equations, such as the equations of motion, on the various projectiong-.
Excellent discussions of these topics may be found in publications by Deetz
and Adams (1945), Thomas (1952), Richardus and Adler (1972), Gerrity (1973),
and Williamson (1979), for example.

We discuss the projections and maps most commonly used at AFGWC in Section
2, with the latitude and longitude conventions used in this publication
defined in Section 2.l. Section 3 details the AFGWC grid systems. The
domains of the Northern and Southern Hemispheric regions for identifying and
storing observations are depicted in Section 4. Section 5 is a glossary of
the most important terms presented in this Technical Note. A list of
references 1s presented in Section 6.
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SECTION 2. PROJECTLONS AND MAPS

The map has become a basic tool of the meteorologist. Saucier (1955)
noted that meteorological maps (charts) used to represent and interpret the
state of the atmosphere 'must best portray the space variations of the
atmospheric variables with consideration for convenience in plotting and
analysis, for accuracy in representation, and for inte -pretation'". In this
section we present the mathematical bases for the polar stereographic,
Mercator, and Lambert conformal projections and maps, which are three popular
systems for satisfying Saucier's requirements.

2.1 CONVENTIONS FOR LATITUDE AND LONGITUDE

Before discussion of map projections, it is necessary to specify the
conventions for locating points on the c¢arth's surface by latitude ¢ aad
longitude A. For latitude, Northern Hemispheric locations are designated in
this Technical Note by ON increasing unorthward or by positive values
(without the N) increasing northward. Southern Hemispheric latitudes are
designated by 9S increasing southward or by negative values (without the €)
increasing northwaid. For example, the South Pole is at 9005, or -900,

For longitude, Eastern Hemispheric locations are indicated by OE
increasing eastward or by positive values between 00 and 1800 (without the
E) increasing eastward. Western Hemispheric locations are indicated by OW
increasing westward, negative values between ~1800 and 0° (without the W)
increasing eastward, or positive values between 1800 and 360°¢ (without the
W) increasing eastward. As example, 900E is the same as 909, and 90°W
is the same as -900 and 2700,

The equations presented in subsequent sections are valid for those
conventions not using the alphabetical designators (N, S, E, W). It is
important to note that in specific applications at AFGWC, latitude-longitude
conventions different from those of this Technical Note might be used. As an

example, in the global Hough analysis (HUFANL) longitude increases toward the
west.

2.2 MAP CONSTRUCTION AND SCALE FACTORS

As used at AFGWC, the term map may be defined as a two-dimensional
horizontal representation of the surface of the earth with size convenient for
display, analysis, and interpretation of meteorological data. The fundamental
problem in map construction is the transfer of the earth's geography from its
actual three-dimensional form to a flat surface in such a way as to present
the earth's surface most advantageously. Conceptually, two transformations
are necessary: first, the curved surface of the earth must be transformed to
a two-dimensional surface; second, this two-dimensional surface must be
reduced to a convenient size.

The first transformation has several steps. First, the irregularly curved
surface of the earth is transformed into a regularly shaped surface, usually
the sphere or ellipsoid. In subsequent discussions in this Technical Note, we
will assume that this first step of the first transformation has been
performed so that the earth may be considered spherical. In the second step

Qo
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the regularly shaped three-dimensionul surfuce 18 transformed into a
two-dimensional one. As will be discussed in the next section this step can
be done in three different ways. 1In one way the carth's surface is projected
using straight lines, called rays, onto o peometric figure, such as the cone
in Fig. 2.1, a cylinder, or a plane. Then the surface might be stretched to
produce some desirable quality, such as congservation of shape or area, on the
resultant surface (the image surrace)., UVinally, 1f necessary, this surface 1is
cut and untolded, a process called developing, to produce a planar
surface--tne image plane (sce Fiyg. 2.2). The representation of the surface of
the cartn on the image surface or image plane is called the projection. The
transtormat ion from curved earth suriace Lo iwage surface or image plane 1is
described mathematically, in part, by the image scale 0, which 1s the ratio at
a point of (differential) distance on Lhe image surface or image plane to
(differential) distance on the surface ol thiz earth. The mathematical
expression for image scale varies accord.ng Lo projection and is described in
more detail in Sections 2.4.2, 2.5.2, and 2.0.2.

The second transformation consists of uniformly reducing the image plane
to a size suitable for the purpose lantended to produce a map, or map surface.
This transformation is described mathematically by the map scale y, which is
the ratio of distance on the map to distance on the image surface or image
plane. The map scale specifies the image-plane reductinn necessary to form
the particular map; for example, I = 1:7,500,000 refers to a map generated by
unifonnly reducing image-plane distances by a tactor of 7,5006,000. Maps
commonly used at AFGWC vary in map scale from 1:60,000,000 to 1:3,750,000.

Botl: transformations can be described by one factor called the
map factor m, where

. . (2.1)

Thus, m 1s the ratio at a point of (diltciential) distance on a map to
(differential) distance on the eavii.

2.3 CLASSIFICATION OF PROJECTLIONS AND MAPS

As previously noted, a particular map 15 selected so that its
characteristics best suit the purposc of the user. Because the number of
unique projections and maps is infinite, a general classification scheme 1is
needed. Richardus and Adler (1972) presented a scheme suggested by Goussinsky
£1951) in which five general classes, which were not mutually exclusive, were
defined. Each class was partitioned into mutually exclusive subclasses,
called varieties. This scheme is summarized here because it offers a simple,
yet comprehensive, method of classifying projectious and maps. The five
general classes of the Goussinsky scheme are nature, coincidence, position,
properties, and generation.

Nature describes the geometric fipure associated with the image surface.
The plane, cone, and cylinder represent the only universally recognized
varieties of the nature class; all three are associated with maps for
meteorological use.
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Figure 2.1. Projection of the surface of the earth onto a cone B
(@Strahler, 1969; John Wiley and Sons, Inc., Publishers). o
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Coincidence refers to the Ly o wtact becween the geometric figure and
the earth. Three varieties have beew del aed (Fig. 2.3). The tangent variety
includes all projections in which tln geometiic fLgure 1s tangent to the
earth. In the secant variety, the geomeirri  (:gure intersects the interior of
the earth. [n the polyguperficial varicery, a succession of different
geometric figures 1s used to coost:uc! e projection.  Although the
polysuperficial varicty is wost sooorate, the resulting maps are cumbersome
and the translormation equation: are goite complex. 'The tangent and secant
varieties, on the other haud, olten produce casy-to-use maps with an
acceptable ameunt of distortion, and, consecuently, serve as a basis for most
meteorological maps.

Pusition refers to the alignment of the peonetrvic figure with respect to
the axis of the ecarth (Fig. 2.4). o v norma! position, the axis of
symmetry of the geometric fignre cotn iaes wiil the rotational axis of the
earth. In the transverse positlion. Ul axis .- symuetry 1s perpendicular to
the earth's axis. Those projection: which the axls of symmetry 1s neither
perpendicular to nor coincident wrti he earth's axis belong to the oblique
variety. The normal variety o! geometric Ilgure is most widely used because a
primary interest of the meteorologist 1s atucgpheric phenomena that, in
general, move about the carth's xis.

There are three mutually exclusive var.ciies of the property class.
Equidistance is defined as correct jepresentstion of distance between two
points. This property is limited (o corfain spec:fled poilnts and cannot be
generalized over an entire image surtace. In the equivalent variety, zreas of
features on the earth are preserved on (he lwmage surface; correct
representation of shapes, however, is sacr:iiced. The conformal (or
orthomorphic) varicty includes image soriaces in which the angles between
intersecting curves and, therefore, the shapes of small features on the
earth's surface arc preserved. Also, a differentially small distance on the
projection will correspond to a distance o cin carth's surface independent of
direction from the point. Contormal meys are used extensively in
meteorology. Thelr aceurate veprescutarion ol geosraphical shapes facilitates
the interpretation of metecrological data,

The generation class describes (he method used to construct the image
surface. For the geometric (or perspective) variety, the surface of the earth
is simply projected using rays onto a peomeilric figure. The conventional
variety includes proje:ztions genevated puiely mathematically without regard to
projection using rays. The semi-geometric variety 1s a combination of the
geometric and conventional varieties.

The Coussinsky classification schieme is summarized in Table 2,1. As 1is
readily apparent, there is a large number ¢f unique possibilities.
Projections used as a basis tor wmeteorological maps represent only a small
subset of this number. At AFCWC, cxtensive use 1s made of polar stereographic
and Mercator maps, produced from polar stereographic and Mercator projections,
respectively. In addition, some specialized support is provided using Lambert
conformal maps. The Goussinsky classification as 1t relates to AFGWC
projections and maps 1s shown 1n Table 2.2. The three projections and maps
most commonly used 1n meteorological applications will be described in detail
in the remainder of this chapter.
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Table 2.1. Summary of the Goussinsky Classification Scheme (Goussinsky, 1951).

CLASS

VARIETIES

Nature
Coincidence
Position
Property

Generation

Planar, Conical, Cylindrical

Tangent, Secant, Polysuperficial

Normal, Transverse, Oblique

Equidistant, Equivalent, Conformal

Geometric, Conventional, Semi-geometric

Table 2.2. Goussinsky Classification Scheme for AFGWC Projections and Maps.
PROJECTION/MAP NATURE COINCI- POSITION PROPERTY GENERATION
DENCE

Northern Hemispheric

Polar Stereographic Planar Secant Normal Conformal Geometric

Southern Hemispheric

Polar Stereographic Planar Secant Normal Conformal Geometric

Mercator Cylin- Secant Normal Conformal Semi-
dridcal geometric

Lambert Conformal Conical Secant Normal Conformal Conventional
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2.4 POLAR STEREOGRAPHIC PROJECTIONS AND MAPS

The secant polar stereographic projection is used extensively at AFGWC.
This projection is generated geometrically (that is, using rays) by
positioning a secant plane normal to the earth's axis at a standard latitude.
(Fig. 2.5a illustrates the geometry for the Northern Hemispheric polar
stereographic projection.) The resulting projection has the conformal
property. In the special case that the standard latitude is a pole (¢O =
90°N and 909S for Northern Hemispheric and Southern Hemispheric polar
stereographic projections, respectively), a tangent polar stereographic
projection is formed (Fig 2.5b). The tangent projection is used at some
meteorological facilities although AFGWC is not one of them.

In the following discussion, the equations for the secant polar

stercographic projection and map will be presented. The equations for the
tangent case are obtained using ¢ = 900N or ©S.

2.4.1 GENERATION OF THE SECANT POLAR STEREOGRAPHIC MAP

The secant polar stereographic map is formed in the following manner.
First, a plane, which is the geometric figure for this projection, is passed
through the earth (perpendicular to the earth's axis) at a standard latitude,
or true latitude, ¢,, as shown in Fig. 2.5a. At AFGWC, ¢ = 60ON is used
for the Northern Hemispheric polar stereographic projection and ¢0 = 6008
for the Southern Hemispheric polar stereographic projecticn. Next, for each
latitude ¢ a straigat line, or ray, 1s drawn through the pole (point P) of tkhe
opposite hemisphere and the surface of the earth (point E). This ray (ray PIE
in Fig. 2.5a) projects the surface of the earth onto the plane, the image
plane and image surface in this case, at point I. After the desired points on
the earth's surface are projected the image plane is reduced to a map of
manageable size by means of the map scale I (see Section 2.2).

The image plane (image surface) and map (Fig. 2.6) are conformal and have
the tollowing characteristics:

a. Lines of constant latitude are concentric circles centered at the
pole.

b. Lines of constant longitude (meridians) are depicted as straight

lines radiating from the pole. These radials are spaced at the same angular
increment as meridians on the earth.

2.4.2 POLAR STEREOGRAPHIC IMAGE SCALE

As noted previously, image scale accounts for the transformation from the
earth's surface to the image surface or image plane and is the ratio of
distance on the image surface or image plane to distance on the earth's

surface. For a polar stereographic projection true at latitude ¢, the image
scale u is given by

1 - H Sin¢0

o) = —C (2.2)
1+ H sing

where ¢ 1s latitude. Eq. (2.2) is valid for bo:h Northern and Soutiiern
Hemispheric polar stereographic projections, with
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+1, Northern llemispheric projection,
i = (2.3)
-1, Southerny Hemispheric projection.
Note that Southern Hemispheric locations (¢ < 09) may exist on a Northern

Hemispheric projection (H = +1), and vice versa. The latitudinal variation of
image scale is shown in Fig. 2.7. The solid curve is the secant case

for ¢5 = 60ON or OS and the dashed curve is the tangent case
(¢ = 909N or 9S). Earth distance is preserved on the image plane (image
surface) only &t the true latitude ¢0, where 0 = 1, Poleward of latitude ¢0

the distance between two points is larger on the earth than on the image plane
(image surface), whereas equatorward of ¢0 the distance is smaller on the
earth.

2.4.3 1IMAGE-PLANE COORDINATE SYSTEMS

An image-plane Cartesian coordinate system (x,y) can be defined for the
polar stereographic image planes. The orientation of the coordinate &xes for
the Northern and Southern Hemispheres is shown in Figs. 3.6 and 3.7,
respectively. In both hemispheres the origin is the pole, the positive x axis
coincides with the 109 meridian, and the positive y axis coincides with the
1009E meridian. These orientations result in a right-handed system for the
Northern Hemispheric projection and a left-handed system for the Scuthern
Hemispheric projection. The image-plane Cartesian coordinates of any point on
the earth's surface are given by

O # Ccosd cos(k—ko) \ (2.4)

=<
il

y = 0 & cosé sin(A—AU) ) (2.5)

where ¢ 1s the image scale, ¢ is the latitude, X is the longitude, A 1is the
reference longitude of the positive x axis (at AFGWC, A = 100E), and a is
the earth's radius. In this Technical Note we use the radius of a sphere
having the same volume as the earth for a,

a = 6371.2213 km . (2.6)
Certain numerical models at AFGWC may use slightly different values for a.

A corresponding image~plane polar coordinate system (r,0) has also been
defined. As shown in Figs. 3.6 and 3.7, radial distance r increases with
distance from the pole. Also, azimuth 6 increases from the reference
longitude, Ay = 100E, in the counter-clockwise direction on the Northern
Hemispheric projection and the clockwise direction on the Southern Hemispheric
projection. The polar coordinates on the image planes are given by

r = 0 a cos , (2.7)
0=\ - ) . (2.8)
o
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2.5 MERCATOR PROJECTTIONS AND MAPS

A secant Mercator projection 19 ugsed at AFGWC for certain tropical
applications. Although in our discussion we employ the cylinder as the
geometric figure used in the construction of the Mercator projection, this
projection was originally derived without consideration ol geometric figure by
Gerhardus Mercator for its navigational benefits (Deetz and Adams, 1945).

This conformal projection can be generated semi-geometrically by projecting
the earth's surface onto a normally positioned cylinder that intersects the
earth at standard latitudes ¢] and %7 (Fig. 2.8a) and then shrinking the
result in the north-south direction. For the case where |} = ¢y = 0°

(Fig. 2.8b) the tangent Merecator projectionr 1s obtained.

In the following discussion, the equations of the secant Mercator
projection and map will be presented. Equations for the tangent case are
obtained using ;] = Iy = 0°.

2.5.1 CGENERATION OF THE SECANT MERCATOR MAP

The secant Mevcator map can be derived in the folluwing manner. First, a
cylinder, which is the geometric figure for this projection, is aligned so
that its axis coincides with the earth's axis and intersects the earth's
surface at latitudes ¢} and V). For AFGWC projections, ¢ = 22.5°N
and ¢9 = 22,59S. Secondly, for each latitude ¢ a ray is drawn through the
center of the earth (point 0) and the earth's surface (point E). This ray
(ray OEI in Fig. 2.8a) projects the surface of the earth onto the geometric
figure, the cylinder, at point I. 1In Fig. 2.8a, ray OI'E' projects the
Equator onto the cylinder. After the desired points on the earth's surface
are projected, the resultant is shrunk in the north-south direction to obtain
an image surface that is conformal. Next, the image surface is developed into
the image plane by cutting the lmage surface along a reference meridian and
unrolling. Finally, the image plane is reduced to a map of manageable size by
means of the map scale ..

On the image plane and map (Fig. 2.9), latitude circles are depicted as
parallel straight lines spaced as a function of latitude. Meridians are
depicted as equally spaced, parallel straight lines and ave oriented
perpendicular to the latitude lines. Spacing between meridians on the image
plane 1s equal to spacing between meridiang on the earth at the standard
latitudes. Loxodromes (lines of constant bearing) are straight lines on the
image plane and map.

2.5.2 MFRCATOR IMACE SCALE

For Mercator projectiong true at latitudes ¢y and ¥y, image scale 1is a
function of latitude ¢ ard is given by

ale) = cosp sech = oens b SeC . (2.9)
1 <
The latitudinal variation of image scale is shown in Fig. 2.10 where the solid
curve represents the secant projection (for ¢j = 22.5°N, t, = 22.598)
and the dashed curve represents a tangent projection (¢l = gy = 0Y)y. In
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this secant case, earth distance is preserved on the image plane (image
surface) at 22.50N and 22.50S (where v = 1). Equatorward of these

latitudes, U is less than ur.  so that the distance between two points is
greater on the earth than on the image plane (image surface), whereas poleward
of ¢} and ¢7 the distance is smaller on the earth.

2.5.3 IMAGE-PLANE COORDINATE SYSTEM

A right-handed image-plane Cartesian coordinate system (x,y) is defined
for the Mercator projection. Orientation of the coordinate axes is shown in
Fig. 3.24. ‘The (x,y) coordinates of any point on the image plane are given in
terms of the poinc's latitude and longitude by the following equations:

n
f l—~———] (\—A(]) ezl . Aand o in deprees,
b)

{2.10)

A \"\,,) Os ¢1 ’ Voueloain radians,
R

\

1+
v = ocond  tnftan Bip+n)] = & cosd in Sty . (2.11)
| 1 coso

In these equations ) is longitude and * _ 1is the reference longitude. At
AFGWC, A 18 00 for Mercator projections. Also, ¢ is latitude, cos ¢1 (=

cos ¢,) 1s the cosine of the true latitude, " = 3.14159..., and a is the
radius of the earth. By eqs. (2.10) and (2.11), x increases to the east and y
increases to the north.

2.6 LAMBERT CONFORMAL PROJECTIONS AND MAPS

Lambert conformal projections of the secant variety are occasionally used
at AFGWC for areas centered in the middle latitudes, especially when the area
has a longer east~west extent than north-south. To aid in the general
understanding of the characteristics of the Lambert conformal projection, in
the discussion to follow we project the earth's surface onto a normally
positioned cone that intersects the earth at standard latitudes ¢ and
¢9 (Fig. 2.1la). Then we shrink or stretch the resultant in both the
north-south and east-west directions. 1In actuality, however, the secant
Lambert conformal projection is derived mathematically (the conventional
generation of the Goussinsky classification scheme). A Lambert conformal
projection of the tangent variety (true at ¢; = $9) on the cther hand, can
be constructed semi~geometrically.

In the following discussion, equations for the secant projection and map

will be presented. Equations for the tangent case are obtained with
#; = 2, except as noted in Section 2.6.2.

_17_
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2.6.1 GENERATION OF THE SECANT LAMBERT CONFORMAL MAP

%l The secant Lambert conformal map can be formed in the following manner.

? First, a cone, which is the geometric figure for this projection, 1is
positioned so that its apex is directly over one of the earth's poles and its
sides pass through standard latitudes ¢) and ¢ (Fig. 2.lla). Next, for

each latitude ¢ the surface of the earth (point E) is projected onto the cone
(the geometric figure) at point I by drawing a ray from the center of the
earth (point 0) (Fig. 2.1la). After the desired points on the earth's surface
are projected, the resultant i8 shrunk or stretched in both the north-south
and east-west directions to obtain an image surface that is conformal. Then
the image surface 1s developed into the two-dimensional image plane by cutting
the image surface along a meridian and unrolling it. Finally, the image plane
1s reduced to a map of manageable size by means of the map scale M.

S S L, WSt

Sy

S bl el Sl 15

oo
The image plane and map (Fig. 2.12) are conformal everywhere except at the !
pole. Meridians are depicted as straight lines converging at the pole. |
Latitude circles appear as arcs of concentric circles centered at the pole. k
In addition, straight lines on the image plane and map approximate great #
circles. For many meteorological applications, only that part of the !E
projection in the region of interest is displayed. }%
i
2.6.2 LAMBERT CONFORMAL IMAGE SCALE w;
For secant Lambert conformal projections true at ¢ and ¢,, image i
scale v is a function of latitude and is given by
n
cos b, Lank (20%1-¢ ) )
L cos [LnnS(QOOV—¢l> .
('( oo =i T+ ."-. B " (2.12)
o) =< | AL
cosd I + I cind s
Cos g, o b+ 0 osindgy t
::E»;; i ) TT” sin¢ 5
where
o cos ":’,,
———
cos ¢
n = = : (2.13)
tan's(90 H~¢ )
n S 2
tan’s(90 H—¢l)
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Figure 2.12. Lambert conformal map with standard latitudes 60°N/30°N
and with a reference longitude Ay of 0° (after &
Strahler, 1969; John Wiley and Sons, Inc., Publishers).
Therefore, n = 0.7156 by eq. (2.13). The image-plane
Cartesian coordinates (x,y) (see Section 2.6.3) and the
image-plane polar coordinates (r,0) are included.
Longitude A is related to azimuth 6 by eq. (2.18).
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H is given by eq. (2.3) and n is called the constant of the cone. Note that n
1s a function of ¢; and ¢, the latitudes at which the cone intersects the
earth. For ¢; = 60°N (or ©S) and ¢o = 30°N (or ©S), n = 0.7156.

In the tangent case, where ¢; = ¢, eq. (2.13) is indeterminate. In this
case,

n =t sindqﬁ = H sin¢>2 . (2.14)

For a cone tangent to the earth at 459N (or ©S), n = 0.7071. Latitudinal

variation of Lambert conformal image scale is shown in Fig. 2.13. The solid curve
represents a secant case in which ¢, = 600N (or ©8) and ¢, = 300N (or ©0S);

the dashed curve represents a tangent case in which ¢; = ¢, = 450N (or ©8).

The small variation of o in the middle latitudes is a major reason why the Lambert
conformal projection is used in mid~latitudinal applications.

2.6.3 [IMAGE-PLANE COORDINATE SYSTEMS

An 1mage-plane Cartesian coordinate system (x,y) 1is defined for the Lambert
conformal projections. Orientation of the coordinate axes is shown in Fig. 2.12
for a Northern Hemispheric example. For both Northern and Southern Hemispheric
projections the (x,y) coordinates of any point on the image plane are given by

X = r cos? s (2.15)
y = r sin6 , (2.16)
where
P 2O EH O (2.17)
n
6=n (A-2). (2.18)

Here (r,0) are the polar coordinates on the image plane with r being the radial
distance from the pnle and 6 being the azimuth (Fig. 2.12). Also, A is
longitude, Ao is the reference longitude and is offset 1800 longitude from the
meridian of the cut used in forming the image plane from the image surface, ¢ is
latitude, a is the radius of the earth, and o and n are given by eqs. (2.12) and
(2.13), respectively.

For the special case when n = 1, the polar stereographic projection results.
The Mercator projection is the special case when ¢2 = -¢1.

-21-
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LATITIE ¢ N or %)

The latitudinal variatiou of image scale 0 for Lambert
conformal projections true at 30/609N or °S (solid
line) and 450N or ©S (dashed line). Not plotted is the
image scale for these projections extending into the

opposite hemisphere.
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SECTLION 3. GRIDS

The advent of high-speed digital computers in the 1940s offered new |

opportunities in meteorology. For the first time it became feasible on a ;%
near-real-time basis to produce numerical weather forecasts based on the .
hydrodynamic equations. In addition, - wmputers could be used to display and o
analyze large quantities of data, thereby redueing the amount of time and |3 3
effort required by the meteorologist to assimilate meteorological information. ;-&»

To facilitate manipulation of data un these computers, grid systems weve
developed. The term grid may be defined as an array of points. For
meteorclogical applications these points are located at the intersect.ons of
uniformly spaced parallel and perpendicular lines (Fig. 3.1). 1n meteorology
(as well as other fields such as geography and navigation), this array is
given meaning when it is superimposed on a map (Fig. 3.2) so that individual
grid points represent points on the surface of the earth. An indexing ;
convention called the (L,J) indexing convention has been developed to identify !
individual grid positions. An example of the (1,J) indexing convention used 8
for most grids at AFGWC 1is shown in Fig. 3.3. i

Of course, observations of the atmosphere normally are not taken at grid -
points, but instead at irregularly spaced points. The process whereby the By
data are interpolated ftrom the observational points to the grid points 1is :
called analysis. At AFGWC analysis of meteorological data is performed by le
numerous models--the Hough global spectral analysis model (HUFANL) and the ]
Three-dimensional Nephanalysis Model (3DNEPH) are important examples. At 3
AFGWC, world-wide observations from land surface stations and radiosondes, for
example, are stored individually in data bases separate from the gridded
data. (Appendix A provides the numbered geographic regions in which the
observations are located globally by the World Meteorological Organization t
(WMO) and are store:d in the AFGWC data base.)

At AFGWC, reference grids have been detfined to provide a basis for the I%
many grids used. For a g.ven image surface (such as a Northern Hemispheric or i
Southern Hemispheric polar stereographic projection), a common geographical
region 1s specified for all reference grids. The shortest distance between
ad jaceut grid points on the polar stereographic Whole-mesh Reference Grids 1is
referred to as the whole-mesh grid length. All finer-resolution grids
superimposed on a given image surface are defined relative to the Whole-mesh
Reference Grids. For example, distance between half-mesh grid points 1is
one-half the distance between whole-mesh grid points; distance between
quarter-meslt grid points is one-fourth that between whole-mesh grid points.

The relationship between a whole-mesh grid and its half-mesh and quarter-mesh
counterparts 18 shown in Fig. 3.4,

A number of smaller-area grids that are subsets of either the Whole-mesh
Reference Grids or a finer-mesh version of these reference grids are also 4
defined. These areal subsets, which cover only a specific area of interest, _}
are used to economlze computer resources.

In thic section, AFGWC grid systems will be described. 1Included are polar o
stereographic, Mercator, and latitude-longitude grid systems. For each of
these three systems a description is given for the reference grid, finer-mesh
versions, and areal subsets, when applicable. This information has been ]
discussed, in part, in publications by Headquarters Third Weather Wing (1962), 1§
Johnson (1977), and leadquarters AFGWC (1978).
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An example of the (I,J) indexing convention used for most
grids at AFGWC. In this example, the column index I
increases from left to right, whereas the row index J
increases from top to bottom.

Figure 3.3.
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It is important to note on the following figures that lines establishing

boundaries of the various grids pass through the grid points, not between them.

3.1 POLAR STEREOGRAPHIC GRIDS

Polar stereographic grids are used extensively at AFGWC for numerical
computations and automated displays. As the name implies, these grids are
based on polar stereographic projections. Two reference domains have been
defined at AFGWC--one centered on the Northern Hemisphere and the other
centered on the Southern Hemisphere. The domains are based on secant polar
stereographic projections true at 60°N and 95, respectively. (The secant
polar stereographic projection is discussed in Section 2.4). For both the
Northern and Southern hemispheric areas, reference grids of various
resolutions have been defined. Polar stereographic grids for numerical
analysis and forecasting at AFGWC are subsets of these reference grids.

3.1.1 CENERALIZED EQUATIONS

For polar stereographic projecticns we define a whole-mesh grid as one 1in
which the grid points are exactly 381 km apart at 60°N or ©5 on the
earth's surface. Such a grid could be constructed, for example, by
superimposing an array of points one-half inch apart on a polar stereographic
map with map scale 1:30,000,000 and true at 609N (or ©5). In this
Technical Note we represent the distance 38l km by d,; that is,

d = 381 km . (3.1)
o

The distance between whole-mesh grid points on the earth's surface 1s a
function of latitude and is named the whole-mesh grid length (or grid
interval, grid increment, grid unit, etc.). An 1increasingly popular name for
this unit 1s the bedient (Stackpole, 1978), which 18 named for H. A. Bedient,
who was instrumental in developing the map and grid systems of the Joint
Numerical Weather Prediction Unit in the 1950s. Other g<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>