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tropospheric delay to reduce errors in the estimates of the other parameters. Both the zenith delay value
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and mapping function should be assigned correctly to reduce such errors. Several mapping function
models can treat the troposphere slant delay. The recent models were not evaluated for the Egyptian local
Keywords: climate conditiqns. An a§sessment of the§e models is needgd to chohose thg most spitabl('e one.
Troposph;eric delay The goal of this paper is to test the quality of global mapping function which provides high consistency
PTD with precise troposphere delay (PTD) mapping functions. The PTD model is derived from radiosonde data
using ray tracing, which consider in this paper as true value.

The PTD mapping functions were compared, with three recent total mapping functions model and
another three separate dry and wet mapping function model. The results of the research indicate that
models are very close up to zenith angle 80°. Saastamoinen and 1/cos z model are behind accuracy.
Niell model is better than VMF model. The model of Black and Eisner is a good model. The results also
indicate that the geometric range error has insignificant effect on slant delay and the fluctuation of
azimuth anti-symmetric is about 1%.
© 2017 Production and hosting by Elsevier B.V. on behalf of National Research Institute of Astronomy and

Geophysics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Mapping function

1. Introduction geodetic data, is the motivation for the assessment of three dry and
wet mapping functions. In addition, another three models that do

One of the major error sources that limit the accuracy in GPS is not separate dry and wet terms are assessed. This is done through
mismodeling of the tropospheric delay. This delay is experienced comparison with PTD (precise troposphere delay) database. Tropo-

by radio waves propagating through the electrically neutral atmo- spheric mapping functions model, tropospheric azimuthal asym-
sphere. The tropospheric delay is usually divided into two compo- metry and signal excess path in troposphere are also analyzed
nents; hydrostatic (or dry) and non-hydrostatic (or wet) delays. here using the PTD database.

Both dry and wet delays are usually described as a product of the
delay at the zenith and a mapping function.
Thus, the mapping function error should be minimized. This 2. Data analysis
constant needs of better mapping function in the analysis of space
Abdelfatah et al. (2015) developed a new tropospheric delay
model for Egypt (PTD). The metrological data were storage for
* Corresponding author. ten points of the radiosonde from web site (http:/weather.uwyo.
E-mail address: m_amin2005@yahoo.com (M.A. Abdelfatah). edu/upperair/sounding.html). Tropospheric delay model using a
Peer revi-ew under responsibility of National Research Institute of Astronomy and ray trace of radiosonde data were used for evaluation the mapping
Geophysics. functions (Fig. 1). The PTD database was used to assessment six
recent mapping functions that are used for propagation delay will
be outlined in details, in Egypt meteorological conditions.
From PTD database, slant delay zenith angles70-88° with inter-
val 2° is calculated. Tropospheric delay at zenith is also computed
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Fig. 1. Tropospheric effect on ray tracking (Abdelfatah, 2015).

to be able to separate the PTD mapping function. The lower zenith
angles are not included since all the mapping functions show the
same good agreement (Boehm and Schuh, 2004) at such angles.
The effect of azimuth angles was taken into account indirectly.
The azimuth was studied between 0° and 360° with interval of
45°, The data were processed at three days per month in year
2014 - and for 36 stations from Latitude 22° to 32° with interval
2° and from Longitude 25° to 35° with interval 2°.

3. Mapping function data analysis

Some mapping functions do not map separately the two compo-
nents of the atmospheric delay. Usually there are interested in
modeling the zenith dependence of the total atmospheric delay,
but certain applications may require independent modeling of
each component. As an example, if a WVR is used to estimate the
wet components of the delay, mapping function only need to
map the hydrostatic component (Mendes, 1999). Keeping in mind
these possible applications, the dry and wet mapping functions
performance will be briefly discussed.

Marini (1972) continued fractional form is the main functional
formulation for development of most mapping functions as:

_T+a/(1+b/(1+0))
MF(E) - Slrl(E) +——=0

Sm(E)+sin(E]+c

(1)

where E is the elevation angel a, b and c are coefficients which
depend on the refractivity the path through the atmosphere.

Researchers used the expression from above equation to cali-
brate coefficients by means of a least squares fit to several ray-
traced calculated between low elevation angle (e.g. 3.30) to zenith.
In the following, recent mapping functions are reviewed:

3.1. Black and Eisner mapping function model

This model mainly simplifies the above model, and applies for
both dry and wet delay. Its mathematical form is given as (Black
and Eisner, 1984):

MF = ! )

{1 - ((Hcg.so%w)z}

It is worthwhile to mention that both Black and Black and Eis-
ner models are designed to correct the Doppler observations.

3.2. Chao mapping function model

The Chao (1972) mapping function is based upon the fit to an
average refractivity profile derived from radiosonde observations
taken over the period of one year. The continued fraction series
for each component is truncated after three coefficients as:

1

T Y
sin(E) + tan(E)+c

MEF(E) (3)

Here he replaced the second sin by tangent of the elevation angle to
ensure the series goes to unity at zenith and the coefficients are
expressed as:

for dry delay: b =0.00143 and c = 0.0445

for wet delay: b = 0.00035 and c=0.017

3.3. Niell model

Niell (1996) introduced his mapping function (NMF) based on
temporal changes and geographic location rather than on surface
meteorological parameters. NMF developed expression for calcu-
lating the mapping function for both hydrostatic and wet delay
for elevation angle down to 3°. He used radiosonde data at 26 sta-
tions around the world. NMF had been derived from temperature
and relative humidity profiles, which are, in some sense, averaged
over broadly varying geographical regions. NMF is different for wet
and dry tropospheric components. The wet mapping function is
given as follows (Leick, 2004):

T
T sin(E) + —2——

Sin(E) +grbre

My,

(4)

where E is elevation angle. a, b, and c are coefficients depend on sta-
tion latitude.

Dry mapping function, on the other hand, is more complex com-
pared to the wet mapping function (e.g. Elsobeiey, 2012). It should
include height correction as shown below (e.g. Sharifi and Souri,
2013).

I , T+
My = — T 4 h|———— “h (5)
sinE) + iy [sin(E) sm(E)Jrisin(EH:“(ZTch
where
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a, b, and c are coefficients depend on station latitude, a,yg, bavg, and
Cavg are coefficients depend on station latitude, aimp, Damp, and Camp
are coefficients depend on station latitude and h is station height. t
is a day of the year and T, is a constant equals to 28 or 211 for sta-
tions at the north and south of the equator, respectively.

In addition to latitude and season dependence due to varying
solar illumination, the hydrostatic mapping function should also
be dependent on the height above the geoid of the point of obser-
vation because the ratio of the atmosphere “thickness” to the
radius of curvature decreases with height. This does not apply to
the wet mapping function since the water vapor is not in
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hydrostatic equilibrium, and the height distribution of the water
vapor is not expected to be predictable from the station height
(Niell, 1996, 2001).

3.4. Vienna Mapping Function (VMF)

The hydrostatic and wet Vienna mapping functions are given as
(Boehm and Schuh, 2004):

ap

M T ]ﬁ‘;};h 7
Y { ) Ep—— @
Sin(E) o=
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1+ 1+av‘§‘”
_ Trew
Mw = Sin(E) + —2»— ®)
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51n(E)+751n(E‘;[CW

where
ap, by, and ¢y, are hydrostatic mapping coefficients depend on
station latitude.
aw, bw, and c,, are wet mapping coefficients depend on station
latitude.

The more significant improvement in VMF over NMF is that the
coefficients ay,, and a,, are fitted to ray tracing with the NWM of the
European Center for Medium-Range weather forecast (ECMWF) in
six-hour intervals. On the other hand, the coefficients by, by, cp,
and c,,, are obtained through empirical representations (Kouba,
2007). An updated version of the VMF, with improved empirical
representation of the coefficients by, by, ch, and c,, is known as
VMF1. The hydrostatic and wet coefficients b and c are given as:

by, = 0.002905 (9a)
cy = 0.0634 + 0.0014 cos(20) (9b)
by = 0.00146 (9¢)
Cw = 0.04391 (9d)

VMF1 data are generated and available from the ECMWF NWM
with (2.0° x 2.5°) grid. VMF1 grids include hydrostatic and wet
mapping functions coefficients as well as the hydrostatic and wet
ZPD. Four files are produced per day at 0, 6, 12, and 18 h UT.
ECMWEF also produces hydrostatic and wet mapping functions
coefficients for most IGS stations since 2004 (Kouba, 2007). Each
file contains a time series of records, containing the following
information: station name, modified Julian date, hydrostatic coeffi-
cient “a,”, wet coefficient “a,,”, hydrostatic zenith delay in meter,
wet zenith delay in meter, mean temperature in Kelvin, pressure
at the station in hPa, temperature at the station in degree Celsius,
water vapor pressure at the station in hPa, and the approximate
orthometric height in meter.

3.5. Saastamoinen model

The standard model of Saastamoinen (1973) is normally used to
compute dry delays given surface pressure data (EI-Fiky, and
Mousa, 2004). At a given altitude, the relationship between pres-
sure and dry delay is linear; at sea level, a 1 mbar pressure change
corresponds to a delay change of about 2.3 mm. In the absence of
local pressure data, global models for the dry delay can be reason-
ably accurate given latitude, ellipsoid height, and day of year; pres-
sure varies over a range of up to about +5%, leading to comparable
errors in the modeled dry delay. The refractivity can be alterna-
tively but equivalently deduced from gas laws. Saastamoinen
(1973) models the Tropospheric delay, expressed in meters as,

p  0.002277 { (1255

2
= oz T +0.05>e+Btan z}+5R (10)

The mapping function developed in Saastamoinen (Kleijer,
2004) is based upon a truncated binomial series expansion of
Snell’s law for spherical atmosphere. In Saastamoinen model, there
are three kinds of mapping function. The first one is obviously MF
(z); this is the mapping function of the flat earth model or single
layer model. The second one is tan? z/cos z. The third one (8R) is
an implicit one. The Saastamoinen model drives ban expression
for the tropospheric delay is given by:

d™(z) = MF(z)(d§°(90°) + d3i°(90°)) + (z) + 8R (11)
where the Saastamoinen mapping function is given by:
1
MEF(z) = s @ (12)
tan? (2)

8(z) = —0.002277B(hy) (13)

€os(z)
B(hs) and &R are corrections terms that dependent on the height and
zenith, respectively of the observing site.

The tropospheric mapping function that is calculated from the
above mentioned models were compared to the one taken from
the PTD database (Abdelfatah et al., 2015), which is used at the pre-
sent study as reference. In the first step, the behavior of 1/Cos,
Saastamoinen and Black & Eisner as a total mapping functions
are examined. In addition, the NMF, VMF, and Chao mapping func-
tion model (dry and wet). Based on PTD database results differ-
ences between models and the PTD delay were computed. The
root mean squared scatter (RMS) around the mean of that differ-
ence is also used to check the stability of the mapping functions
(see for example, Mousa, 1997). In addition, latitude effects of
the delay are taken into account indirectly. At last, the averages
were presented as a function of both zenith angles and stations.
Here results of models with total mapping function, dry part and
wet part are presented in separate sections.

4. Results and discussions
4.1. Total Mapping Function

The results of total mapping functions are given in Fig. 2 which
summarizes the variation error for all total mapping functions
model with zenith angles. Similar to results of seasons, the bias
during most of seasons of classic model show a good agreement
with the PTD model in zenith angles up to 76°, however 1/Cos
and Saastamoinen model break down rapidly. This fact is not sur-
prising for Saastamoinen, as it was developed for observations

Total Mapping Function Models
25000

20000
15000
10000

Bias (mm)

5000 —

0
70 | 72 | 74 76 | 78 80 | 8 | 84 | 8 88

Black & Esiner| 11.1 | 14.8 | 20.3 | 28.8 | 42.5 65.7 |106.2/171.3 206.7 | 2119.
Saastamoinen| 41.3 | 59.1 | 87.4 | 134.6|218.7 382.0737.5/1650. 4673. 20749
1/Cos 60.0 | 82.5 117.4/174.3|273.4 461.5 862.7 | 1874./5178. 22776

Fig. 2. Mean annual biasin total mapping function models with different zenith
angles.
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above zenith angle80° and no correction tables are provided above
this cutoff angle. 1/Cos mapping function shows bad performance
for all zenith angles. Black & Esiner model have accuracy better
than Saastamoinen and 1/Cos models.

For more details, the average accuracy by Black & Esiner is
219.26 + 3.69 cm however; Saastamoinen and 1/Cos models have
accuracy 2131.98 +4.55 cm and 2334.67 + 4.57 cm, respectively.

Black & Esiner achieves a fair performance for zenith angles
below 80°, but break down rapidly at higher zenith angles (Fig. 2).

4.2. Dry mapping function

NMF was built using one year of radiosonde profiles from the
northern hemisphere (Niell, 1996); the spatial and temporal vari-
ability of the mapping function is accounted for with only a lati-
tude and seasonal dependence. VMF is derived from NWP using
ECMWEF which is different from Egyptian climate. Dry NMF and
VMF are dependent on (zenith angle, latitude, and day of year).
Dry NMF includes height correction term. VMF contains also of lon-
gitude parameter.

The plots shown, earlier clearly illustrate the good performance
of the dry VMF and dry NMF mapping functions and the poor per-
formance of the Chao mapping function.

In contrast, the variation of bias during most seasons of classic
model show a good agreement with the PTD model in zenith angles
up to 70°, however Chao model did not achieve good accuracy in
high zenith angles.

Fig. 3 summarize the error budget of zenith angles for all dry
mapping function models. It is to be noted here that dry VMF
shows performance better than dry NMF for all zenith angles. In
contrast, dry NMF shows better performance than VMF in RMS.

4.3. Wet mapping function

Fig. 4 illustrated the error budget of wet mapping function
models. The estimated errors value of NMF and VMF model, give
6.3 mm at zenith angle 82°. It is sufficiently accurate for precise
geodetic application.

The wet mapping function of Chao reveals a fair global perfor-
mance for zenith angles below 76°, but degrades significantly for
higher zenith angles (lower elevation angles).

4.4. Geometric range error

The geometric delay part is separated from PTD database model
for each elevation angle in order to assess its effect. The results are
seen from Fig. 5, the geometric delay is insignificant up to zenith
angle of 80° (E = 10° where E is elevation angle). The calculated val-
ues at the geometric delay are near to the value calculated by
Mendes (1999).

Dry Mapping Function Models
2000

1500 5
1000

Bias (mm)

500 —
0

70 72 74 76 78 80 82 84 86 88

‘ DryNMF| 39 | 50 | 6.8 9.5 | 142 | 22.7 39.9 | 80.1 190.5 619.9
DryVMF | 3.6 | 47 | 64 | 9.0 | 13.4 214  37.4 | 73.5 167.7 482.0
DryChao| 4.2 | 47 | 56 | 82 | 13.7  27.5 63.4 168.0 514.6 1659.

Fig. 3. Mean annual biasin dry mapping function models with different zenith
angles.

Wet Mapping Function Models

300
250
200
150
100 S
50
0

Bias (mm)

70 72 74 76 78 80 82 84 86 88
Wet NMF | 1.1 13 1.6 21 28 | 41 6.3 | 109 | 23.0 | 79.0
Wet VMF | 1.1 13 1.6 2.1 29 | 41 6.3 | 10.6 | 219 | 705
Wet Chao| 1.3 1.7 2.3 3.2 4.6 73 | 127 | 26.1  67.9 246.7

Fig. 4. Mean annual biasin wet mapping function models with different zenith
angles.

—+—PTD (S-G) Mendes (S-G)

1.2000

1.0000

Lt

0.8000
0.6000
0.4000

0.2000

\
N

0.0000 e T
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Geometric Delay (m)

Fig. 5. Total geometric range error (m) using PTD database model and Mendes
model.

Mendes (1999) develop model for the delay caused by the
bending based on ray tracing results:

(S—G)=aexp (?) (14)

With a =2.256 £ 0.0092 m, b = 2.072 £ 0.0054°.

The results of PTD data base model in (S-G) is shown in Fig. 5.
The results can be neglected up to zenith angle 80° and it near to
Mendes model.

The separation of the neutral-atmosphere propagation delay
into two components is advantageous, as the geometric delay is
only significant for radio signals coming from high zenith angles
(below about 80°); furthermore, for a horizontally stratified atmo-
sphere, S and G are identical in the zenith direction and the geo-
metric delay is zero. The results of the evaluation of the total
mapping functions show surprisingly poor performance for the
Egypt sites, although dry and wet models showed good agreement.
It is worth noting here that all the total mapping functions overes-
timate the total delay. This might be attributed to the special
topography of the Egypt sites.

Errors due to models that use total mapping function is gener-
ally greater than of the ones use separate dry and wet mapping
function. Three-dry mapping functions have been analyzed.

The geometric delay is essentially a function of the elevation
angle, and it is significant only at elevation angles below 10°,
reaching more than 1.08 m at 2°elevation angle.

5. Conclusions

In the present paper six mapping function models were
assessed by using PTD database. These models are separated into
two major groups: three total mapping functions models
(dry and wet), and three other models, which separate dry and
wet mapping function. The assessment was performed using 36
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stations obtained PTD through one year covering Egypt. The assess-
ment of mapping function models indicated that total mapping
functions achieve poor accuracy in all cases. The dry NMF shows
smaller biases with respect to dry VMF. The wet VMF is the best
model. All models which does not separate dry and wet mapping
function cannot achieve the required accuracy needed for high
accurate applications.

The geometric range error is insignificant effect on slant delay
and it can be neglected in accurate geodetic applications up to
zenith angel 80°.
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