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ABSTRACT: The Horizontal Time-Dependent Positioning (HTDP) software program may be used
to predict the velocities and displacements associated with horizontal crustal motion, including
that related to plate tectonics and earthquakes. The software may also be used to account for this
motion in updating positional coordinates and/or survey observations of one date to correspond-
g ones for another date. Because HTDP supports these activities for coordinates expressed in the
North American Datum of 1983 (NAD 83) as well as for coordinates expressed in any official reali-
zation of the International Terrestrial Reference Frame (ITRF), this software mav be used to trans-
form 3-dimensional positional coordinates from one reference frame to another in a manner that
rigorously addresses the relative motion between these frames.

Introduction

cisco earthquake of 1906, the U.S. Coast

and Geodetic Survey dispatched survey
teams to reposition hundreds of geodetic marks
that had been displaced during that event. That
survey represents the first significant involvement
of the U.S. geodetic community with crustal mo-
tion. The community has since measured dis-
placements for over 30 additional earthquakes,
including catastrophic events in Alaska, Califor-
nmia, Hawaiu, Idaho, Montana, and Nevada. In
addition to measuring these episodic-type move-
ments, the geodetic community has been engaged
in monitoring continuously accumulating defor-
mation occurring in regions prone to earth-
quakes, volcanic activity, land subsidence, and
postglacial uplift. In combination, these deform-
ing regions comprise a significant portion of the
United States. Figure 1 identifies those regions
that have deformed within the past few centuries
as a result of tectonic plate interactions and major
earthquakes (magnitude > 7). The vicinity of the
Great Lakes, plus much of Canada and Alaska, are
moving steadily upward as these regions continue
to rebound from the indentations caused several
hundred thousand years ago by massive glacial

P romptly after the magnitude 8.3 San Fran-
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loads. Also, the vicinity of the Chesapeake Bay is
subsiding, as are regions in Arizona, California,
Louisiana, and Texas.

For several decades since 1906, studying crustal
motion was essentially a scientfic activity related to
understanding earthquakes and other deformational
processes. In the late 1970s, however, the National
Geodetic Survey (NGS), an office of NOAA’s Na-
tonal Ocean Service, realized its need to model
crustal motion for strictly geodetic purposes. In
particular, NGS was then developing a new spatal
reference frame whose accuracy had to be compati-
ble with the precise geodetic observations then being
performed with electro-optical distance measuring
instrumentation. This new reference frame would
come to be known as the North American Datum of
1983 (NAD 83).

Accordingly, NGS developed models of horizon-
tal crustal motion for California and parts of Alaska,
Hawaii, and Nevada (Snay et al. 1987). The National
Geodetic Survey then applied these numerical mod-
els to transform over 100 years of existing geodetic
observations to a set of corresponding observations,
as 1f the transformed observations had been per-
formed on 31 December 1983. NAD 83 positional
coordinates were then computed from these trans-
formed observations. The NAD 83 position of a
geodetic mark, thus, corresponds to its location on
this date.

To obtain the mark’s honzontal positon for
another date, one needs to apply an appropriate
crustal motion model. The National Geodetic Survey
has, therefore, incorporated such models into a
software program, called HTDP (Horizontal Time-
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Figure 1. Tectonic plates in the 165 150
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Dependent Positioning), so that surveyors and others
can so update (or backdate) horizontal positions with
relative ease. From time to time, NGS upgrades the
crustal motion models encoded into HTDP as new
measurements are acquired and as the scentific
understanding of crustal motion improves.

Updating horizontal positions represents but
one application of the HTDP software. The software
also enables its users to predict how a point in the
United States will move in the future or estimate how
it has moved in the past. Also, given a surveying
observation measured on one date (a distance, an
azimuth, an intermark global positioning system
(GPS) vector), HTDP enables its users to predict the
corresponding value that would have been measured
on a user-specified date. The software handles three-
dimensional tasks, such as updating a GPS observa-
tion, under the assumption that no vertical motion
has occurred. This assumption is required because,
for the most part, adequate models for vertical crus-
tal motion are yet to be developed.

Untl the 1990s, potential HTDP users prac-
ticed their profession in California and a few
other deforming regions around the country. The
ever growing use of GPS for precise positioning,
however, is rapidly expanding the geographic
domain of potential HTDP users. Indeed, precise
GPS positioning requires that satellite epheme-
rides be expressed in a reference frame that ad-
dresses crustal motion on a global scale. Hence,
the International Earth Rotation Service (IERS)
has developed the International Terrestrial Refer-
ence Frame (ITRF) in which each tectonic plate,
including the North American plate, moves con-
tinuously (Boucher and Altamimi 1996).

Actually, the IERS has published several realiza-
tons of ITRF, namely, ITRF88, ITRF89, ..,
ITRF96. Each successive realization incorporates a
larger dataset and a more current understanding of
error sources to provide more accurate positions and
veloaties for a worldwide network of geodetic sta-
tions. As displayed in Figure 1, horizontal velocities
relative to ITRF96 vary in magnitude between 10
and 20 mm/yr in the conterminous 48 states, and
horizontal ITRF96 velocities have even greater mag-
nitudes mn Alaska and Hawaii. Consequently, the
surveying community and others need to consider
this motion in relating ITRF positions of one date to
those of another date at the accuracy level obtainable
with GPS. The National Geodetic Survey enhanced
HTDP to support computations in all the official
realizations of ITRF as well as in NAD 83, and to
enable its users to transform 3-dimensional posi-
tional coordinates from one reference frame to an-
other in a manner that rigorously addresses the
relative motion between these frames.

The Nature of Crustal Motion

Although several different physical processes pro-
duce crustal motion, HTDP currently addresses only
those processes that are tectonic and/or seismic in
nature. Also, HTDP addresses only the horizontal
components of the associated motion. As the ability
to accurately measure deformaton improves, the
software 1s likely to encompass additional aspects of
crustal motion.

According to the theory of plate tectonics, the
Earth’s outer shell or crust consists of over 20 plates
that overlie a substratum known as the mantle. As
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radioactvity causes temperatures in the Earth to
grow warmer with increasing depth, this temperature
gradient induces convective flow within the viscous
mante. The tectonic plates, being relatively stiff,
respond to this flow by moving essentially laterally,
like rafts floating across the mantle’s outer surface.

The above scenario is actually more compli-
cated, especially near interplate boundaries. The
physical processes that occur near these boundaries
depend on how the adjacent plates move relative to
one another. When two plates are moving away from
one another, material from the mante rises and
attaches itself to the trailing edges of the diverging
plates. As this mantle material cools, its physical
characteristics eventually become those of a tectonic
plate. Thus, diverging plates are constantly growing
n size i the vianity of their common boundary.
Although plate divergence occurs mostly in oceanic
regions, it is also occurring in Iceland.

When two plates are moving towards each other,
the plate of greater density wedges under the less
dense plate. Often, the underthrust plate will sub-
duct or dive deep into the mantle; whereupon it will
eventually heat up and assume the physical charac-
teristics of mantle material. Thus, a subducting plate
is decreasing in size along its leading edge. Near the
United States subduction is occurring along the
Aleutian trench, which is located about 250 km south
of Alaska’s southern coast. Moreover, the Aleutian
trench roughly parallels this coastline. Subduction
also is occurring along a trench located less than 100
km west of the Pacific coast in Washington, Oregon,
and northern California (Figure 1).

The Aleutian trench represents a segment of the
boundary between the Pacific plate and the North
American plate. Along this trench, the Padific plate
subducts beneath the less dense North American
plate, but not without considerable interplate fric-
tion. This friction causes both plates to deform across
a zone that extends several hundred kilometers
outward from the trench. The crumpling plates
behave somewhat like two giant springs being com-
pressed. When these plates have been deformed to
the point that they store sufficient elastic energy to
overcome their interplate friction, both plates will
suddenly lunge forward along their respective tec-
tonic paths, giving rise to an associated earthquake.
Thus, the tectonic process induces a seismic process.

Plate convergence also occurs near the Pacific
coast in Washington, Oregon, and northern Califor-
nia. Here, three small plates—the Gorda plate, the
Juan de Fuca plate, and the Explorer plate—subduct
along the offshore trench that constitutes their col-
lecuive boundary with the North American plate. The
interior of the Juan de Fuca plate moves at a rate of
42 mm/yr in the N69°E direction relative to the

e A Figure 2. The
N tectonic process in
California. (A) Im-
T ooaM | mediately after an
pacF - earthquake, lines
T are painted across
adjacent  plates.
{B) At some later
time, these lines
reveal that the
plates have de-
formed. (C) Imme-
diately after the
subsequent earth-
~.C quake, the lines
reveal that the

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

plates have shift-
| ed, yet, they have
N\" returned to their
" | original shape.

interior of the North American plate (DeMets et al.
1990; 1994). The Gorda plate and the Explorer
plate are too small to have had their velocities deter-
mined. Onshore deformation manifests itself as
contraction in the general direction of relative plate
motion at rates on the order of 100 nanostrain per
year (nstr/yr); that is, 100 parts in 10° per year (Snay
and Matsikari 1991; Savage et al. 1991). Sooner or
later, the elastic energy accumulating as a result of
this compression will induce a major earthquake.
Present day velocities along the coast are approxi-
mately 10 mmy/yr relative to the interior of the North
American plate (Fluck et al. 1997).

In southern California, the relative motion be-
tween adjacent plates is oriented nearly parallel to
their common boundary. Were there no friction
along this segment of the interplate boundary, then
the Pacific plate would move northwestward relative
to the North American plate at an average rate of
about 48 mmy/yr along this segment of their common
boundary. This relative motion, however, is impeded
by friction that may be attributed to the roughness of
the plate boundary and/or to local deviation in the
boundary’s orientation.

Figure 2 presents an idealized depiction of the
horizontal motion occurring in southern California.
At ume T (Figure 2A), several straight lines are
painted on the Earth’s surface so that they are or-
thogonal to the interplate boundary, which is repre-
sented as a geologic fault having a planar surface. At
tme 7 + 10 years (Figure 2B), these lines have de-
formed into broken curves. Now points on the Pa-
cific plate which are located sufficiently far from the
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Figure 3. Horizontal velocities across
southern California based on the re-
sults of Shen et al. (1997). [Greyscale
shadings specify speeds and arrows
specify corresponding directions of
motion relative to a fixed North
American plate reference frame.
Curved lines represent geologic faults = * *
according to Jennings {1975}.]
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interplate boundary have translated 480 mm relative
to points on the North American plate, which are
also located sufficiently far from the interplate
boundary. The slip (i.e., the relative displacement of
formerly adjacent points on opposite sides of the
fault) equals some amount less than 480 mm. The
curvature of the painted lines at tme T + 10 years
reflects the bending that each plate has undergone
as a result of interplate friction. At some point in the
future, the elastic energy accumulating in these
bending plates will become sufficent to overcome
this friction. Then, each plate will return to near its
undeformed shape with a southern jolt—an earth-
quake (Figure 2C).

In real life, the situation is considerably more
complex, as is revealed by a current es;{nmate of the
horizontal velocty field across suddern California
(Figure 3). This complexity occurs because the inter-
plate boundary is not a single planar geologic fault
as depicted in Figure 2, but a collection of geologic
faults. Moreover, the surface of each individual fault
may possess significant curvature. Some subset of
these faults never intersects the Earth’s surface.
Those faults that do intersect the surface may trace
rather sinuous paths across the landscape. Also,
individual fault surfaces may be oriented rather
obliquely to the overall direction of plate motion.
Even the trace of the San Andreas fault, the primary
constituent of the interplate boundary in southern
California, varies in orientation by about 30°along its
extent (Figure 3). Such variations in fault orientation
cause noticeable bends in several of the contours of
constant speed which are present in Figure 3. Also,
these contours do not remain parallel to each other,
as would be the case with the idealized motion de-
picted in Figure 2. The convergence and divergence

of these contours is associated both with variations in
fault orientation and with spatial variations in the
slip rates on the faults. Indeed, even on an individual
fault, the ongoing slip rate can exhibit significant
spatial variation.

Figure 3 clearly illustrates that the deformation
associated with interplate friction can be distributed
across an area that extends several hundred kilome-
ters outward from the interplate boundary. At some
distance, however, this deformation becomes insig-
nificant. Thus, plate interiors remain relatively unde-
formed, except where some other physical process
(volcanic/magmatic activity, land subsidence, post-
glaaal uplift) is active. Space-based geodetic tech-
niques (GPS, very long baseline interferometry
(VLBI), and satellite laser ranging) have indicated
that plate interiors remain internally stable at the
3-mm/yr level or better (Argus and Heflin 1995;
Dixon and Mao 1996; Larson et al. 1997; Ma and
Ryan  1995). Moreover, results from the spaced-
based techniques, when combined with geologic
results, imply that relative horizontal velocides
among different plate interiors have remained re-
markably constant over the past 3 million years (De-
Mets et al. 1994).

Crustal Motion Models in HTDP

The HTDP software incorporates models that ad-
dress both the continuous and the episodic compo-
nents of crustal motion. To characterize continuous
motion, the models embody the assumption that
points on the Earth’s surface move with constant
horizontal velocities. This assumption is generally
acceptable, except for the accelerated motion

8
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Length

Figure 4. Crustal motion models in HTDP assume that the
length of a baseline varies linearly with time, except for the
instantaneous jumps that occur during earthguakes.

experienced during the years following a major
earthquake and for the motion associated with
volcanic/magmatic activity.

For characterizing the episodic motion associ-
ated with earthquakes, the models embody the as-
sumption that displacements occur instantaneously.
Figure 4 illustrates how the length of a baseline
mught vary over time according to the HTDP mod-
els. Internally, the HTDP software  expresses all
motion relative to the NAD 83 reference frame;

wherein the mtenor of the North American plate
does not move on average. The software can, how-
ever, convert the moton from this reference frame
to several other spautal reference frames.

For the computation of honzontal velocities,
several regions of the Earth have been defined, each
bounded by a closed polygon. For each region,
HTDP stores the honzontal velocities for the nodes
of a regularly spaced, 2-dimensional grid' as defined
by curves of constant latitude and longitude. The
program then interpolates among these stored ve-
locities to obtain velocities at other points in the
region. Should two regions overlap, then HTDP
assigns the points in their intersection to that region
whose boundary appears first in its storage scheme.
The program displays an error message when it is
asked to compute the velocity at a point located
outside all of its designated regions.

For the computation of the episodic motion
associated with earthquakes, HTDP represents the
Earth as an isotropic, homogeneous, elastic body.
Rectangular planes of finite dimensions are embed-
ded i this body to represent patches on specific
geologic faults. The motion associated with an earth-
quake corresponds to the deformation that the elas-
tic body undergoes in response to a slip along these
rectangular surfaces. This motion is given by the
equations of dislocation theory (Okada 1985).

The displacements are a function of the location,
size, and orientation of the rectangles, as well as the

PHYSICAL MODEL FOR EARTHQUAKE

¢ dip
o strike
L fength
d upper depth
D lower depth
8.4 fault center’
{latitude, fongitude}

magnitude and direction of the slip
(Figure 5)." Figure 6 shows the hori-
zontal displacements predicted by a
dislocation model for the magnitude
7.1 Loma Prieta earthquake that
e occurred just south of San Frandsco
in 1989. Table 1 identifies the dislo-
/ cation models encoded into version

/ 2.2 of HTDP. Figure 7 locates the

corresponding  earthquakes  that
occurred in California.

The National Geodetic Survey
has upgraded the crustal motion
models encoded into HTDP with the
help of individuals from many insti-
tutions. The software’s original ver-

Figure 5. Dislocation theory describes how each point in an isotropic, homoge-
neous, elastic body moves in response to relative slip between opposing faces

of a rectangle embedded in this body.

sion, released in  June 1992,
incorporated Snay and Herbrechts-
meier’ (1994) model which charac-
terizes horizontal velocites across

! Grid spacing varies from region to region.

? in the HTDP software, it is assumed that the upper and lower edges of the embedded rectangle are parallel to the Farth's
surface and the slip vector is constant over the rectangle. Figure 5 identifies a set of parameters sufficient to specify the size,
location, and orientation of the rectangle. The motion depends on these parameters, the Poisson ratio of the crust (here
assumed to equal 0.25), and the slip vector. The spatial variation of the fault slip is introduced by approximating the fault

with several rectangles, each having a constant slip vector,
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California plus the episodic displacements associated
with 13 California earthquakes. The NGS has since
developed 12 subsequent versions of HTDP which,
collectively, have introduced dislocation models for
12 additional earthquakes, 11 mn California and 1 m
Alaska. The subsequent versions have also intro-
duced improved dislocation models for four Califor-
nia earthquakes and an improved velocity model for
southwestern California (south of latirude 36°N, west
of longitude 117.5°W).

The National Geodetic Survey developed this
improved velocity model by adding a sigmficant
number of accurate GPS observations to the data that
Snay and Herbrechtsmeier (1994) had used and by
applvmg the new estimation techmque described by
Snay et al. (1996). Also, version 2.2 incorporates the
velocity model that Fluck et al. (1997) developed for
western Washington, western Oregon, and north-
western California (north of latitude 40°N and west
of longitude 121°W). Version 2.3 of HTDP will

incorporates the new velocities estimated by Shen et

al. (1997) for ~300 sites in southern California (south
of lautude 36°N).

Figure 6. Horizontal displacement for the 1983 Loma
Prieta earthquake {magnitude 7.1) as derived from pre- and
post-earthquake surveys. [Contours indicate the magni-
tudes of the displacements; flow lines denote the direc-

Predicting Velocities

When executing the HTDP, the user encounters
the following menu:
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Figure 7. Version 2.2 of HTDP incorporates dislocation models for
the California earthquakes pictured here plus for the 1964 Alaska
earthquake. [Curved lines represent geologic faults according to
Jennings {1975).]

tions of the displacements.]

. Exit software
. Predict displacements between

rwo dates

2 ... Predict velocities

3 ... Update positions and/or obser-

vations to a specified date
. Transform positions between
reference frames

Predicting velocities (menu option 2) con-
stitutes the most fundamental HTDP applica-
tion. To predict a velocity at a point, the user
selects a spatial reference frame (NAD 83 or
one of the ITRF realizations), specifying the
point’s positional coordinates in that reference
frame. These coordinates can be specified
either in terms of geodetic latitude and longi-
tude or in terms of Earth-centered rectilinear
X, Y, and Z, where the Z-axis is the Earth’s
rotational axis (positive north), the positive
X-axis points towards longitude 0°, and the
positive Y-axis points toward longitude 90°E.

The user can also apply the software to
predict velocities for all geodetic points whose
coordinates are specfied in a given computer
file, provided that this file is in “Blue-Book”
format (Federal Geodetic Control Subcommit-
tee 1994). Additionally, the user can apply
HTDP to predict velocities for the nodes of a
user-specified 1-dimensional or 2-dimensional
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grid located on the Eartdh's surface.  The
I-dimensional case is useful for visualizmg how ve-
locity vanies along a line segment in a user-specified
azimuth. The line segment mav or mav not corre-
spond to a tangible feature, such as a straight road.
The 2-dimensional case is useful for visualizing how
velocity varies over a rectangular area on the Earth's
surface. Figure 3, for example, was created by con-
touring the speeds associated with a 2-dimensional
grid of velocities in southern California.

National Geodetic Survey staff routinely use
HTDP to predict ITRF veloaties for new GPS
sites (predicted vertical velocities are zero) as

these sites are added to the national network of

continuously operating reference stations (CORS).
With these predicted velocities, NGS is able to
provide accurate, up-to-date positions for the
CORS on a continuous basis to support those
applications requiring cm-level precision. The
accuracy of a predicted velocity can be matched by
a measured velocity only after two or more years
of dedicated monitoring.

In the realm of crustal motion, it is inappropri-
ate to specify positional coordinates for a point with-
out specifying the “epoch date” for the coordinates;
i.e., the date to which these coordinates correspond.
When HTDP users enter positonal coordinates
without specifying their epoch date, as is done in
predicing velocities, then the software assigns a
default epoch date to the specified coordinates.

Currently, the default epoch date 1s 7 May
1991, which approximates the midpoint of the
time interval during which federal, state, and local
institutions jointly conducted a high accuracy GPS
survey involving ~250 sites distributed throughout
California. The HTDP can be used to predict
accurate velocities without specifying the epoch
date associated with the positional coordinates,
because velocity varies rather slowly as a function
of position except at points located within a few
meters of a major geologic fault, such as Califor-
nia’s San Andreas fault.

Predicting Displacements

Predicung a point’s displacements from time 7 to
time T, (menu option 1) involves multplying the
predicted veloaty at this point by the time difference
(T, minus 7)) and then adding any “Instantaneous”
displacements that the point experienced as a result
of the earthquakes that occurred between these
dates. After speafying the two dates—each in terms
of year, month, and day—the user selects a spatial
reference frame and specifies the point’s positional
coordinates in that reference frame. As with velocity

prediction, these coordinates mav be specified inter-
actively, or via a Blue-Book file. or by supplving the
attributes of a 1- or 2-dimensional grid on the
Earth's surface. Also, as with velocity prediction, the
user need not supply the epoch date for the specified
positional coordinates. The HTDP assigns its default
epoch date, call it T,, to these coordinates. The pre-
dicted displacement vector then equals 17, minus 17,
where V| denotes the displacement vector from T, to
T, and V, denotes the displacement vector from 7, to
T,

Users should be aware that accuracies of pre-
dicted displacements vary greatly in areas where
earthquakes have occurred. In many cases, a disloca-
uon model was derived from measured displace-
ments for only a few tens of geodetic sites, whereas
the pattern of actual earthquake-related displace-
ments might have been too complex to be character-
1ized adequately by such a small number of measured
displacements.

Updating Positions

When updating a position (menu option 3), the

user must specify:

¢ The reference frame;

+ The starting positional coordinates and their
epoch date T in this reference frame; and

+ The date T, to which the updated coordinates
are to correspond.

The HTDP computes the displacement vector
from T, o T,, and adds this vector to the starung
positional coordinates to obtain the positional coor-
dinates at time 7,. The starting positional coordi-
nates may be entered interactively or via a Blue-Book
file. In the latter case, HTDP will create a new Blue-
Book file with the updated positional coordinates
having replaced the input positional coordinates.

The ability to update positions comes in handy
when dealing with a set of surveying observations
performed on one date, which involves several con-
trol points whose adopted positional coordinates
correspond to some other epoch date. In this case,
HTDP may be employed to update the positional
coordinates of the control points to the survey date,
so that these updated coordinates may be used to
evaluate the accuracy of the given observations.

In California, the situation is often more com-
plex as positional coordinates for different marks
have different epoch dates. For instance, the posi-
tional coordinates adopted for most marks in the
California High Accuracy Reference Network
(HARN), also known as the California High Prea-
sion Geodetic Network (HPGN), have an epoch date
of 1991.35 (7 May 1991). However, several other
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California HARN marks have positional coordinates
with more recent epoch dates, reflecting displace-
ment during recent earthquakes (see Table 1 and
Figure 7). The HIDP can be applied to update the
positional coordinates of all marks to some common
date which the user selects.

Updating Observations

When updating an observation (also menu option

3), such as the measured distance between two

sites, the user must specify:

+ The type of observation;

*  The observed value;

¢+ The date on which the observation was
measured;

* The positional coordinates of the associated
sites; and

+ The date to which the
updated observational

The HTDP program computes the updated
value of an observed quanuty indirectlv. Let D(T))
represent an observed distance between points .4
and B at ume T,. To predict the corresponding
distance D(T,) that would have been measured at
time T,, the software will first retrieve positional
coordinates for 4 and B from the positional re-
cords (*80* records) in the Blue-Book file. Associ-
ating these coordinates with its default epoch date
T,, HTDP will update them to corresponding
coordinates for A and B at time T, and then use
these updated coordinates to compute the theo-
retical distance D*(T) between 4 and B at time 7.
Similarly, HTDP will update the starting coordi-
nates for A and B to corresponding coordinates at
time T, to compute the theoretical distance D*(T,)
at time 7.

The theoretical distance D*(T) can differ from
the observed distance D(T',) for several reasons. First,

value is to correspond. Date Earthquake {magnitude) Source of Model

The user enters the last 07JUN 1934 Parkfield {M=6.0) Segall and Du {1993}
ilerp .inter' actively.. The re- |17 MAY 1940 El Centro (M=6.9) Snay and Herbrechtsmeier {1994)
g; a;ﬁlpnglelg ff;?fg‘;:e_gg 1;:1: 21 0CT 1942 San Jacinto (M=6.6) Snay and Herbrechtsmeier (1994)
file. The program will then |21 JUL1952 Kern County {(M=7.5) Snay and Herbrechtsmeier (1994)
create a new Blue-Book file |19 MAR 1954 San Jacinto (M=6.4) Snay and Herbrechtsmeier (1994)
in which the observauonal  [9g75iN 7966 | Parkfield (M=5.6) Segall and Du (1993)
records from the input Blue- -

Book file have been re- 09 APR 1968 Borrego Mtn. {(M=6.5) Snay and Herbrechtsmeier {1894}
placed with corresponding 09 FEB 1971 San Fernando (M=6.6) Snay and Herbrechtsmeier {1994)
records that (Eontain up- 15 MAR 1979 Homestead Valley {M=5.6) Stein and Lisowski {1983}

dated ‘values for the ob- o e ™ Corote Lake (M=5.9] Snay and Herbrechtsmeier (1994)
served quantities. - ‘

The HTDP program 15 0CT 1979 Imperial Valley {M=6.4) Snay and Herbrechtsmeier {1994)
will update various types of |02 MAY 1983  |Coalinga (M=6.4) Stein and Ekstrom (1992)
obseryauc(;n‘al Bl rﬂCOTdﬁ 24 APR 1984 Morgan Hill (M=6.2) Snay and Herbrechtsmeier {1994)
;‘fg‘a‘;‘zlué&: th‘(‘;;B";;r 04 AUG 1985 | Kettleman Hill (M=6.1) Ekstrom et al {1992)
dis{ances, azimuths, hori- |08 JUL 1986 N. Palm Springs (M=5.8) Savage et al. {1993)
zontal directions, horizon- |21 JUL 1986 Chalfant Valley {M=6.2) Savage and Gross (1995)
tal angles, and intermark o150 7987 | Whittier Narrow (M=5.9) Lin and Stein (1989)

GPS vectors. Note, how- —

ever. that the software will 24 NOV 1987 Superstition Hill (M=6.86, 6.2} Larsen et al. {1992)

not modify the vertical 17 OCT 1989 Loma Prieta (M=17.1) Lisowski et al. {1990)
f:ompcnem of an observed |22 APR 1992 Joshua Tree (M=86.1) Bennett et al. {1995)
intermark ~ GPS vector, 15 or 0™ [ Cane Mendocino (M=7.1) Oppenheimer et al. (1993)
because HTDP incorpo-

rates the assumption that 29 JUN 1982 Landers/Big Bear {(M=17.5, 6.6} Hudnut et al. {1994)

no vertical motion has |17 JAN 1994 Northridge {M=6.7) Hudnut et al. {1996)
occurred. Fl;;;}) Lhis:n same ALASKA

I, gﬁemdgal "' [z8MAR 1964 |Prince Willam Sound (M=9.2) | Holdahi and Sauber (1994)

cords for vertical angles

and height differences. {HTDP) software.

Table 1. Dislocation models incorporated in the Horizontal Time-Dependent Positioning
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D(T,) contains some amount of observational error
that is not considered in computing D*(7T)). Second,
the positional coordinates for A and B given in the
Blue-Book file might differ from the actual coordi-
nates for 4 and B at the default ume 7. And third,
any inaccuracy n the encoded crustal motion models
will bias the value of D*(T). For these same reasons,
D*(T,) will differ from D(T,), but the difference D(T,)
- D¥(T,) should approximate the difference D(T") -
D*(T ) in value as both differences involve essentially
the same errors. Similarly, the expression
D(T1)+D*(Ty) - D*(T1) should approximate D(T,).
Hence, HTDP sets D(T,) to the value of this expres-
sion. The software updates other types of observa-
tions 1n a similar manner.

The ability to update observations contributes
significantly to the software’s usefulness. Consider as
before a set of surveying observations performed on
one date, which involves several control points whose
adopted positional coordinates correspond to some
other epoch date. Now, instead of updating the
positional coordinates of the control points to the
survey date, a surveyor can update the observations
to the epoch date of the control points. Using these
updated observations, the surveyor can easily com-
pute positional coordinates for the other survey
points, such that these coordinates have the same
epoch date as the coordinates of the control points.

In this same manner, a surveyor can update a
collection of surveying observations to a common
date even if these observations were performed on
various dates that span several decades. Indeed, NGS
recently updated over 100 years of existing geodetic
observations performed in California to 7 May 1991.
Using these updated observations, NGS computed
horizontal coordinates for over 10,000 marks, such
that these coordinates would be consistent with the
coordinates that*had been accurately measured in
the spring of 1991 for the ~250 marks comprising
the California HARN.

Transforming Positions

In the absence of crustal motion, the equations for
transforming positional coordinates from one spatial
reference frame to another is rather familiar to the
surveying community. Namely, given Cartesian
coordinates (X,, Y|, Z,) for a point in the first frame,
the corresponding coordinates (X,, Y,, Z,) in the
second frame may be computed via the equations:

Xo=Tx+(1+8)*X+R,;*Y,~Ry* 2, (1
Yo=Ty—-Rz*X 1 +{1+85)*Y+Ry* 7, @

Z;g:Tz*]-Ry*X;"RK*Y]+(}+5)*21 (3)

where T, T, . and T, represent three translations
along the X-axis, Y-axis, and Z-axis, respectively,
which will bring the origins of the two frames into
comncidence. R, R,, and R, represent three rotation
about the X-axis, Y-axis, and Z-axis, which, in combi-
nation, will bring the three axes of one frame into
parallel alignment with their corresponding axes in
the other frame. Finally, S represents the difference
in scale between the two frames.

In the presence of crustal motion, the trans-
formation equations can be generalized to allow
one frame to move relative to the other. Thus,
each of the seven defining parameters becomes a
function of time ¢ ie., T.(0), T.(), T,(8), R (1),
R.(t), R,(t), and S(t). One of the simpler generali-
zations is to assume that each of these seven func-
tions is linear with respect to time. Thus, for
example, the X-rotation at time f can be ex-
pressed by the equation:

Rx(t) = Ru{to) + (dR./df) * (t - to) 4)

where:

{, = a specified reference time;

R(t,) = the X-rotation at time ¢,; and

dR/dt = the temporal rate at which the X-

rotation is changing.
This generalized transformation involves 15 parame-
ters—two parameters for each of the seven linear
functions plus the reference time ¢, . It is this gener-
alization that HTDP incorporates to transform posi-
uons among different reference frames (menu
option 4).

For illustrative purposes, consider a transfor-
mation between NAD 83 positional coordinates
and ITRF96 positional coordinates. A point’s
NAD 83 velocity is expressed as if the North
American plate does not move on average. Its
ITRF96 velocity, on the other hand, is expressed
as 1f the major tectonic plates move according to
the “no-net-rotation” NUVEL-1A model of De-
Mets et al. (1994). According to this model, the
North American plate is rotating counterclockwise
at a constant rate about an axis that passes
through both the Earth’s center of mass and a
point on the Earth’s surface located slightly west
of Ecuador (see Figure 1). The ITRF96 frame is,
thus, rotating relative to the NAD 83 frame and
vice versa. This relative motion may be quantified
by specifying appropriate values for the three
rotation rates dR,/dt, dR/dt, and dR,/dt. The re-
maining four rates are not required to quantify
this motion.

When transforming from ITRF96 to NAD 83,
version 2.2. of the HTDP software uses the
equations:
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T(t) = 0.9910m (5)

Ty(t) = ~1.9072 m (6)
T(6)=-0.5129m (7)

Ry(t)=[125038 + 258(t ~ 1997.0)] (10" *yradians (8)
Ry{t) = [46785 - 3599(1 ~ 1997.0)] (10~ *yradians (9)
Rz(f)=[56529 - 153(t ~ 1997.03] (107"y radians (10)
S{1) = 0.0 (unitless) (1

When wransforming from NAD 83 to ITRF96,
the HTDP program uses negauve values obtained
from these equations. The Nauonal Geodetic Survey
and Geomatics Canada have jointly adopted these
equations for relating ITRF96 and NAD 83 (M.
Craymer, personal communication, 1998).° When
transforming from ITRF96 to TTRF94, version 2.2
uses the values provided by the equation:

Tx(t)y= T)'(f) =Taty=Rx{t) = Ry(t) = Rz(l) = S(Z) = 0.0 ( 12)

that 15, TTRF96 coordinates transform into identical
ITRF94 coordinates, and vice versa. When transform-
mg from ITRF94 to earlier ITRF realizations, ver-
sion 2.2 uses equations based on the parameters
published by Boucher and Alammi (1996).

It follows from the previous discussion that
HTDP can perform any coordinate transformation
involving the official ITRF realizations and NAD 83.
In additon, because HTDP incorporates crustal
motion models, the software can transform posi-
tional coordinates of one epoch date in one refer-
ence frame to equivalent coordinates of another
epoch date in another reference frame.

To present a particular application of this capa-
bility, consider a high-precision GPS survey involving
some control points with known NAD 83 positions
and an epoch date of 1 January 1997. Let it be as-
sumed, however, that the satellite ephemerides to be
used in processing the corresponding GPS data are
expressed in ITRF96. Thus, to be rigorous, the posi-
tional coordinates of the control points should be

transformed to ITRF96, such that the epoch date of

the transformed coordinates equals the date of ob-
servation. Hence, the GPS processing software can
perform all computations in ITRF96, and any new
positions obtained from this processing will also be
expressed in ITRF96 with their epoch date equal to
the date of observation. Subsequently, HIDP can be
apphed to transform any such new positions from
ITRF96 to another reference frame and to another
epoch date, as desired.

Concluding Remarks

The word “dyvnamic” mav be attributed to the HTDP
software for several reasons. The software merits this
attribute primarily because it enables survevors and
others to deal rigorously with time-dependent posi-
uons on our dynamic planet. The atwibute is also
merited because the software has evolved rather
dynamically over ume. Since June 1992 when NGS
released the iniual version of HTDP, the agency has
enhanced this software through a progression of 12
subsequent versions. Collectively, these subsequent
versions have introduced numerous new and/or
improved numerical models for crustal mouon. They
have also introduced additional capabilities, most
notably, the capability to work with the various ITRF
realizations as well as with the NAD 83 reference
frame. As in the past, HTDP may be expected to
continue evolving, so as to keep pace with the ever
improving accuracy with which surveyors and others
can position points.

The Fortran-77 source code for the current
HTDP version is available, together with the docu-
mentation, via the Internet at <htp:/www.
ngs.noaa.gov/PC_PROD/pc_prod.html>. Also from
this Web site, surveyors and others can download the
corresponding executable code in a form suitable for
PC platforms. The documentation includes a set of
mstructional exercises designed to familiarize users
with various applications of the HTDP software.
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*Editor's Note

This article was published in the fourth issue of volume 58 of Surveying and Land Information
Systems. It has been reprinted in this issue to provide corrected equations (4) and (10).
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