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Abstract

Tropospheric and ionospheric refraction are very impoertant accuracy limiting factors when processing
GPS carrier phase observations. Here these effects are discussed as members of two different classes of
biases: One class producing height errors, the other producing scale errors. Simple rules are given to
estimate the height and scale errors caused by not {correctly) modeling the refraction effects. We then
show that, with the same tocls developed to estimate the influence of the atmosphere, it is also
possible to estimate the influence of biases in the GM-value, in the coordinates of fixed stations, and of
orbit errors. In the summary we will give a realistic error budget for GPS cbservations.

In Brunner, FK. (Ed.), 1988, "Atmospheric Effects on Geodetic Space Measurements”, Monograph 12,
School of Surveying, University of New South Wales, pp. 15-43.



16

1. TWO BIAS CLASSES AND THEIR INFLUENCE OR BASELINE ESTIMATES

The geodesist uses the GPS in the relative mode. The basic
observable is the so called single difference. which is the
difference of two one-way phases (Bock et al., 1984) recorded
by twc different receivers at locations P, and P,. Somewhat
simplified (light travel times neglected. ideal recelver
clocks assumed}) the single difference may be interpreted as
the distance difference of a satellite S from the two re-
ceivers at P,, P, at observation time t (see Figure 1}. This
basic observable may be biased by an integer (but originally
unknown} number of cycles of the observed carrier. Here we
assume that ambiguity resolution was successful. i.e. that we
are dealing with the plain distance difference as observable.
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Figure 1: The single difference cbservable

Legend:

S: Satellite at observation time t

P;:1=1.2: Receiver locations at observation time t
pi.i=1.2: Distance from satellite S to receiver at P;
Ap:=p,-p,: Single difference observable

b: Baseline to be estimated

In order to study the influence of a bias & on the baseline b.
we make the following simplifying assumptions:

Assumption 1: For each observation Ap of a satellite S made at
zenith distance z and azimuth a there exists an observation
Ap* of a satellite S* made at thg same zenith distance z but
at the azimuth a+180°. S and S° may be identical or not.
(Approximately we have Ap™ = -Ap.)

Assumption 2: Receivers at P, and P, are lying in a horizontal
plane, or, the height difference between the two receiver lo-
cations is small compared to the baseline length.

Assumption_3: The baseline length L = |E| is small compared to
the distances LFE
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L << Py i=1.2 (1)
Let Ap, AP* stand for the biased observations of Ap, Ap™  (2)
Let us furthermore define two classes of biases:

Bias class 1: Observations Ap and Ap™ are biased by the same
value e:

Ap := Ap + & (z.a) (3)
ap¥ o= pp*X + e(z,180°%+a)

wvhere £(z,180%2a) = e(z,a)

and where the bias e, as indicated in eqns. (3). may depend on

zenith distance z and azimuth a.

Bias class 2: Observations Ap and ap* are biased by +e& and -e

respectively:

Ap == Ap + elz,a) (4)
ap* 1= ap™ + elz,180%+a)
where e{z,180°%+a) = - elz,a)

It is our goal now to show that the main effect of a bias of
class 1 is a height error {of receiver at P, with respect to
receiver at P ), whereas the main effect of a bias of class 2
is an error 1n baseline length. In order to demonstrate that,
ve use a very simple geometrical method: Observation Ap tells
us that P, has to lie in a plane E, perpendicular to the line
P,S at a distance sp from P (assumption 3). In an analogous
uay we may conclude that P has to lie in a plane E, per-
pendicular to P, s* at a dlstance dp” from P (Observe that E,
and E, have to lie on different sides of P. e Cbviocusly P, has
to 11e on the intersection line of E, and E,. Now. if we are
working with biased observations., we have to introduce planes
E;' E parallel to E,. E, at distances of * ¢, from E,, E_ and
the effect of the blas introduced by observations ﬁp. Ap” may
be studied immediately by comparing the intersection line of
E,. E, with that of E, and E,. Figure 2 shows the influence of
a class 1 bias of absolute value . Figure 3 that of a class 2
bias of absolute value e&. Both Figures show the plane defined
by P,» S and s*  This means that we can see “only” the normal

.pro;ectlon P. of P, onto this plane. The projection of the

baseline consequently will be of length f&-cos{a-a_ ). where a
is the azimuth of satellite S. a_, that of the baseline b in
point P, . and £ is the length of baseline b.

Flgures 2 reveals clearly that a bias & of class 1 induces &

height error
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Fiqure 2: Influence of a class 1 bias & on a baseline b

Legend:
S: Satellite at zenith distance z. azimuth a
s*: . =G " z, " a+180°
P, : Location of receiver 1
P,: Normal projection of receiver location P, on plane SP,S™
planes E,.E : Locus 1. 2 of point P, (no biases)
planes E,, EE: " 1, 2~ - P, (bias £ of class 1)
z: Zenith distance of observations

ép.Ap*: Unbiased observables
Ah: Height errors induced by biased observations Ap+e.

ﬁp*+e
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Fiqure 3: Influence of a class 2 bias on a baseline E

lLegend:
S: Satellite at zenith distance z. azimuth a
s*: " - : - z, " a+180°
P, : Location of receiver 1
P, Normal projection of receiver location P, on plane SP,S*
planes E,.E,: Locus 1,2 of point P, {no biases)
) E.E_: " - " P, (bias & of class 2)
2: Zenith distance of observations
Ap.ép*:Unbiased observables
AL':  Projection of length error AL by bias ¢ on plane SP S*
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AR (a.z) = £fa.z) (5)
COSsS2

whereas the other baseline components remain unaffected. Of
course_egn. (5) only characterizes the influence of the paiLr
Ap. Ap” of observations. The influence of all observations is
then computed as the mean value of all Ah{a.,z) as given by
eqn. {(5), where we assume a homogeneous distribution of
satellites:

m
zmax

I I Ah{a‘,z")*sinz’'=-dz'da’
-]

Ah = —— (6)
n (1 coszmax)

Figure 3 reveals that a bias & of class 2 induces a length
bias of

- el{a,z}
bela,z) = Szl (7)

where da = a-a,
a = azimuth of topocentric satellite (as seen from P )
a, = azimuth of baseline b {as seen from P ).

=]

Again we may compute the influence of all observation pairs
Ap. Ap~ by taking the mean value of all AL in eqgn. (7}:

T 2
max

aAbla‘,z')=sinz’ ' -dz ' da’

< L=
LS m - (1-cosz ) Sk
max

In the following sections we will discuss and classify the
following important biases:

-~ Relative troposphere errors

- Neglected troposphere

- Neglected icnosphere

= "HWrong” GM-value (change of WGS-72 to WGS-84)

- Receiver location kept fixed at a wrong position
- Along track orbit errors
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2. RELATIVE TROPOSPHERE ERRORS

Usually it is recommended by GPS instrument manufacturers to
measure atmospheric pressure p. temperature T. and humidity H
{or an egquivalent set) at each receiver site e.g. all 15
minutes and then to account for the tropospheric refraction
effect for each station separately using one of the well known
refraction formulae ({e.g. Hopfield., Saastamoinen). This
certainly is an excellent advise for 1large scale analyses
(baseline lengths 100 km or more). For small scale networks
the advise may be not the best (see e.g. (Gurtner et al.,
1987)) due to the inevitable instrument errors {(calibration)
of standard meteo equipment and due to local micro-climate
effects (e.g. fog. inversion situations). In order to assess
the order of magnitude for these relative troposphere errors
we use (a simplified wversion of) the Saastamoinen formula
(Bauersima. 1983):

Ar{z) = Ar(0)/cosz {9)

where Ar{z) is the refraction correction at a zenith distance
z, Ar{0) is the corresponding correction at z=0.

_ . 1255 .
ar{0) = 2.277 [ p + { 553+ t .05 ] e ] {10}
where: Ar{0) is the zenith correction in millimeters
P is the atmospheric pressure in mbar
T is the temperature in ° Celsius

e, the water vapour pressure, is given by the formula

e= lgo'exp(-3?.2465+0.213156'(T+2?3}—0.000256908-{T+2?3}2)(11)

where H is the humidity in %

In Table 1 we give the partial derivatives of Ar{0} with
respect to T. p. and H. They define (after division by cosz,
see eqn. (9)) the bias introduced into the observable Ap or
Ap*, if one of the stations shows a wrong temperature of 1°C
resp. a wrong pressure of 1 mbar resp. a wrong humidity of
1z



Table 1
Meteo-Dependence of Tropospheric Refraction Correction
Ar(z=0}
aAr AT aAr
o P : 8T 3P ot
°c mbar 2z mm/°C mm/mbar mm/(1%)
0° 1000 100 5 2 0.6
30° 1000 100 27 2 4
0° 1000 50 3 2 0.6
30° 1000 50 14 2 4

First we see that these partial derivatives all are of the
order of millimeters or more: A bad omen for small scale
applications where usually we are hunting millimeters! More-
over it is obvious that high temperatures and high humidity
will be very bad for GPS results. This underlines what we
pointed out at the beginning of this section: Using erroneous

meteo data in small scale networks may be quite destructive
“{remember that a bias of 1 cm is 10 ppm on a 1 km baseline.
but “only 0.01 ppm on a 1000 km vaselinel. Let us now assume
that statien 1 shows a troposphere bias of g, in the term
Ar{0}) with respect to station 2. (If the thermometer at
station 1 would have a calibration error of 1°C. and if no
other error sources are present we would have g_,=27mm for

T=30°., p=1000mbar., H=100 % at P,). If the meteorologlcal con-

ditions do not change betueen the observation epochs for

observations Ap, ap . both observations will be biased by
exactly the same ¢, Therefore we may conclude that relative

troposphere errors ‘cause class 1 biases in the observable.

Let us now study the influence of the bias e, in Ar(0}) on the
estimated height of point P_,. First., due to eqn. {9), we have
for the bias at zenith distance z:

E

glz) = = (12}
cosZ

According to egn. (6) observations Ap. ep* cause a height

error of

£
Ah(zy = 22 . ° (13)
cOosZ

COSZZ
Since we have no azimuth dependence here we may write eqn. (6}
as

Z
max

= —1 s "Yeogi ‘. *
dh = JT557 I shi{z )+sinz’-dz (14)
max

o
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Introducing eqn. (13) into eqn. (14) gives the very simple
formula

S
bh = = £, (15)
max

This means that relative troposphere errors cause height
errors which are amplified by the factor 1l/cosz ., (2.9 for
Zna =70°) in the estimated receiver heights. We should mention
tﬁa% these height errors induce also scale errors depending on
the inclination of the baseline b. This is only of importance
if we leave assumption 2, of course. T el

Let us state at the end of ¢this section that relative
troposphere errors really introduce strong biases into GPS

solutions.

3. ABSOLUTE TROPOSPHERE ERRORS

Let us assume in this section that we have identical
meteorological conditions at both ends of our baseline. At
first sight one might think that by completely neglecting
tropospheric refraction no bias would be introduced in this
case. That this is not the case follous from the fact that (in
general} the two receivers at P, and P, do not see the
satellite under the same zenith distance (see Figure 4).
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