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Computing the Tropospheric Delay
and PWV Using GPS Measurements

Zenith Total Delay (ZTD)
Zenith Hydrostatic Delay (ZHD)
Zenith Wet Delay (ZWD)
Mapping function

Elevation angle
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Tropospheric Path Delay

Signal from GPS Modeling of tropospheric delay
Vertical Langley (1996): Py
Zemith  AD = js [n(s)-1]ds =107 [ N(s)ds

_ -6 R
A N'=(n-1)x10 GPS Satellite

oz = 90°-8

h,e =40136+148.72T
et =11km

Horizontal

Observation site

Geometry of the tropospheric path delay



In the equilibrium state, the total tropospheric delay in the zenith direction can be
formulated as

To account the satellite elevation angle during the propagation, Davis et al. (1985) formulated
the total tropospheric delay (AD) as,

AD =m_ (6) SHD +m_ (6) SWD e

where m is mapping function, SHD and SWD are slant hydrostatic delay and slant wet delay.

From Fig. (b), the corresponding lengths are and

The empirical representation of refractivity, as a function of height h above the surface can be
written as (Hofmann-Wellenhof et al., 2001),

3)




Goad and Goadman (1974), Black (1978), Black and Eisner (194) has an effort to
calculate the tropospheric delay with accounting the zenith elevation angle. Remondi
(1984) reported the Hopfield model with a series expansion of the integrand. Finally,
Modified Hopfield model, as a function of height h above the surface (see ) with
accounted the satellite elevation angle is reported by Hofmann-Wellenhof et al. (2001),
and corrected by Suparta et al. (2008), with AD or ZTD can be written as follows:

2 3 v (5
l+4aji+(6a +4b. )—+4a (a +3b. )L (aj1 +12a2b +6b2)
ZTD _10—12 NTI’Op 2 3 4 5 (4)
N j0 6 (7 8 9

4a,b;(a? +3b, )6 b7 6a? +4b, |2+ 4a b} r8’ bj‘%

0 is satellite elevation angle (deg),
where R. is taken as 6378137 m
h is effective height and j = wet and
hydrostatic
il s the total refractivity at the surface
Il of the Earth
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Computation of refractivity at the surface

Trop Trop Trop
Nj’0 = Nhyd,0 + N

wet,0 — - T ’ (5)

Z =1+P

dry dry

—9.4611X10°* —

[57.97x108(1+ O'SZJ T

K

P
et (1-0,01317T +1.75x10* T2 +1.44x10° T?)

3
K

Z1 =1+1650

wet

Pary = Piow the surface pressure measured by barometer (in mbar or hPa)
T and T are in C and Kelvin, respectively.




Pt IS Obtained from relative humidity (H) as recommended by World
Meteorological Organization Technical Note No. 8 (WMO 2000) :

P %exp(— 37.2465+0.213166T, —2.56908x10 T2 | JE))

The refractivity constant (k) for (5) is listed in
Table 1. Determinations of the refractivitv constants
Reference %y (K mbar!) k(K mbar') ks (K2 mbar ') x 10°

smith & Weimntraub (1933) 77611001 7210 3.75£0.03
Boudoumns {1963) T150+008 72+11 37520403
Thayer (1974) 77611001 37761004
Hill et al. {1982) - 3383+0.03
Hill (19883 - (2 35781003
':'lj.'ﬂ.l:h (1990) 77604 £002 75 +0. 3.75+0.01
Beviz et al. (1992) 7760005 M4+22 3.739+0.012

Bevis et al {1994) 7760009 04 +2 72 37011200

, M, M,, is the molar mass of water vapor (28.9644 kg kmol-?)
Ko =ky —kq I CPRRFRI .\ ), is the molar mass of dry air (18.0152 kg kmol-) {
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Mapping Function

A mapping function is developed due to the tropospheric delay is the shortest in the
zenith direction and becomes larger with increasing zenith angle. Instead, the individual
delays are mapped from each individual satellite direction to a single zenith delay.

Mapping functions account for the delay seen by each satellite and map them to the
zenith direction.

!

Zenitl To individual satellite . .
\ . BN Cosecant mapping function:

Local
horizon

Because of the curvature of the atmosphere, this zenith angle changes along the
ray. Due to the large deviations for lower elevation angles, this function is
limited for use above about 60 degrees elevation.




Niell Mapping function

There are type of mapping functions includes Chao (1972), Davis et al. (1985),
Marini (1972),

Niell has developed hydrostatic and wet mapping functions with new forms and their
combined, use to reduces errors in geodetic estimation for observations as low as 3°
In elevation.

The hydrostatic mapping function, which has normalized to yield a value of unity at
the zenith, can be written as

m, (€) = m(8) + Am(6O)

(10)

1+(a/(1+b/(1+c))) {

1
= | ——— f(6,ay,by,Cy ) |
sind+(a/sin@+(b/sind+c)) |sind
The coefficients a, b and c are interpolated from the latitude of the GPS site and take
seasonal variations into account.
Here, represents the three-term continued fraction in the Marini mapping
function,

1+ (aht /(1+by /(1+cCp )))

£(0,84,,brg,Cpy )= e LT Ae e ) |
(0.2, Dr ) SN0+ (sind+a /(sind+b, /(sin0 b)) A &‘




where the coefficients a,, = 2.53 x 10-°, b, =5.49 x 103 and ¢, = 1.14 x 10-3 were
determined by a least-squares fit to the height corrections at the nine elevation angles.

= For the hydrostatic component, these coefficients are determined based on height,
latitude and DoY (day of year), which can be extracted from Table 2.

Table 2. Coefficients of the hvdrostatic mapping function

Coefficient p=15° ¢ = 30° p =45° o =607 p=75°
1276003410 12683230100 12463397107 12196049.10° 1204530996107
2.0153695.10° 2.9152299.10° 205288445.10° 20022565.10° 2.9024912.10%
62.610305.10° 62.837303.10° 63.721774.10° 63824265107 64258455107
0.0 1.2709626.10% 2.6523662.10° 3.4000452.10° 4.1202191.10%
0.0 2.1414979.10¢% 3.0160779.10° T72562722.10° 11.723375.10°

0.0 00128400.10° 43497037.10° 84.795348.10° 17037206107

E
E
14

damp
b amp

» For the latitude range 15° < || < 75°,

F(0.1) = Fog () + [Fag (911) = Fag ()| —2 4.

i1 — @i

~ 0, DoY —T
{Famp (91) +[Farap (@111) = Famo (@ )].(”—‘”'q)i}.cos[zn ﬁj (12)

i+1




» For the latitude || < 15°,

DoY - T
F(p,t)=F,,,(15°)+F,. . (15°) .cos| 2z ——% 13
(0:) = Fay (15 + Fng(15°).co 21 " 10 | SNED
» For the latitude || > 75°,
DoY —T
F(p,t)=F. (75°)+F. (75°).cos| 27—~ 14
(01) = Foy (75°) + Fyy (75°) (n%&%j (14)

= The coefficients a, b and ¢ in (10) were derived from temperature and relative
humidity profiles of the U.S. Standard Atmosphere which is dependent on the
latitude at North regions 15° (tropical), 30° (subtropical), 45° (mid-latitude), 60
and 75° (subarctic) for the months of January (Winter) and July (Summer) and
takes seasonal variations into account.

= Niell assumes that the Southern and Northern hemispheres are anti-symmetric in
time, I.e., that the seasonal behavior is the same. In addition, he assumes the
equatorial region is described by the 15° N latitude profile while the polar region
are described by the 75° N latitude profile.

= T, Is the day of year for “maximum winter” which set to 28 for northern
hemisphere and 211 for the southern hemisphere.
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= For Niell wet mapping function can be written as:
- 1+(a, /(L+b, /(1+c,)))
sind+(a,/sin@+(b,/siné+c,))

m, ()

(15)

= Interpolation of Niell wet mapping function can be extracted from

Table 3. Coefficients of the wet mapping function

Coefficient @ =15° P =30° @ =45° @ = 60° @ ="75°
dave FR02187010° 5670484710 3 2118019.10° 3072734210 6.1641603.10°
bave 14275268.10° 15138625100 14572752.10° 15007428.10° 1.7599082.10°

Cave 43472061107 46720510107 43908931107 44626982.10¢8 54736030102

» For the latitude range 15° < || < 75°,

F(p,t) = |:avg ((Di )+ [Favg (¢i+1) - |:avg (gﬁi )] : A (16)

Diy1 — P;

» For the latitude || < 15°,

Flpt) = Fuye(15°) (17)
» For the latitude || > 75°,

Flp) = F,,(75°) (18)




Boehm or Vienna Mapping Function

Boehm et al. (2006) updated the “b” and “c” coefficients of the Marini continued
fraction form, as shown in (5). However, the hydrostatic “a” coefficients are still
valid for zero heights.

This mapping function is called the hydrostatic Vienna Mapping Function (VMF1)
when using the European Centre for Medium-Range Weather Forecasts (ECMWF)
Instead of the Numerical Weather Models (NWMs).

The coefficient ¢ shown in (10) is now modeled to remove the systematic errors as

DoY —28
cC=¢C cos| ————2 1122 + ¢, [(1-=cos 19
o | O 1] - cos R

Parameters c,, C,,, C;; and ¥ needed for computing coefficient c is

0.062 | 0.001 | 0.005 | 0 |

= With VMF, errors in the hydrostatic zenith delays interpolated from NWMs will
be 1/3 or approximately 4 mm in the station height, or 20 mm for wrong used

mapping function.

A
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Example Mapping Function Results
Presented at ICICI-BME 2011
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ZHD and ZWD

There are a few models developed for ZHD, for example: Hopfield (1969),
Saastamoinen (1973), Davis (1985), Baby et al. (1988), and Modified Hopfield
(1974).

The Saastamoinen model has become popular among GPS users due to its
accuracy. It uses the surface pressure measurements and a correction factor f(¢,h)
to correct the local gravitational acceleration at the center of mass of the
atmospheric column.

The expression for ZHD can be written as follows:

where

h is the height of the site above the ellipsoid (in km), ¢ is geographic latitude
(deg), P is surface pressure in mbar (hPa), and f(¢,h) is the correction factor
for the local gravitational acceleration.




= To calculate the ZWD, it can be estimated from the numerical weather model
defined as:

AVDESURBNMOEE  (22) N, is wet refractivity
ho

= From (5), (7) and (8), the integral for ZWD computation can be written as :

—6 !

= The ZWD, however, cannot be sufficiently modeled by using surface
meteorological data due to the irregular distribution of water vapor in the
atmosphere. The GPS calculated ZWD (in meters) is obtained by

ZWDGPS — ZTDGPS _ZHDSAAS (23)

1



PWYV computation

Vertical

Zenith

4

Analysis

Water
VAPOUr

Neutral
atmaosphere

Boundary layer L ,  Low elevation angle

Horizontal




= |WYV can be correlated with PWV as follows:

(24), p,, is the density of the liquid water (kg m-3)

= Bevisetal. (1992, 1994) proposed the equation compute PWV:

PWV = (T, )ZWDgps K100 E(Tm){p,WRV(Tkuk;ﬂ o (25)

m

= T Isthe weighted mean temperature of the atmosphere (represented by N levels)
Is defined and approximated by Davis et al. (1985) as

Bevis et al. (1992, 1996)
(26)

T,=70.2+0.72T, (27)

1




Summary: PWV estimation

Ionospheric
delay
GPS
Signals
Hydrostatic
P,TH delay

7TD = my(c) ZHD + m,(c) ZWD
J

1

Source: Suparta et al. (2008): JASTP Vol. 70, 1419 - 1447



Example Results

ZTD comparison methods using Davis station data

T 1 T T T T T T
McMurdo, Antarctica . gz

» SAAS

17 19 2 23 2
Day of January 2004 (UTC)




ZHD and the surface pressure

ZHD comparison between 9 stations

Surface pressure comparison between 9 stations
1040 !

Pressure (mbar)
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= ZHD is clearly very close to that of the surface pressure !



Monthly Mean
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Annual cycle of GPS PWV

Months

Average of 8 years (2003 — 2010)




GPS PWYV vs surface temperature
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Scott Base

¢  McMurdo

Surface temperature (°C)




PWYV from Radiosonde
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Real Time PWV Result

PWY 20h—21h 04/02/12
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http://www.suominet.ucar.edu/map_images/




Real Time PWV Results

http://www.suominet.ucar.edu/index.html

i AT TR
[+ [ 5?-“ | Map | Satellite | Hybrid | Terrsin |
) i, S ' " 9 ~ 80 -
'.Jﬂln.’n-.rf-h,":. Qi— mm” L','u - JNew 'E i
i 3 E 5 i o | :
- "* F - ¢ o ?‘ *" e e
|"l.11k|'r|h1. q { Wisconsin ’_,. s - Scotia 'S' 50 -
@-—&, Ve rmont g
Yo i
" ’\- ’- st Ha |r||.:.\l hire D_ 45 [
Mebra 1?_, ||:.-|n|<-i g' %nn“m W\ B Mian arhrsnits 40
?ll!ﬂ 513195 5%) ?q [;J :'l_l'l-"q— = Hh de lsland F 80
- West i —
ey ; QQ,_ chii \ nnachicut o 35 L 70 0
ﬁg‘r‘ Q _“"QT ﬁ'l lﬂlﬂg&w\ Now Jersay .2. B i
2 i o Ga9% R i Nwers g 5 { %, 0 E
p Pua o 9 g \ Maryland ] 50 3
w?! : 4 ' :a...:.. Disthict of 40-'! I L
v _I;L- Calumbia o5 - L ag I
, 1 corgs
’ 15 1008 00 12 00 12 a0
I ’ 0
n
s ko T
? ®
.1'I ? o ’F 1000 -
Il ? L] - =
nican
M =] o Qﬁﬂ ] 264060 12 00 12 o
e 9® ol £ 2620 |
G la
; 35: uui;?&andums # .:;re.l E 2800
w »
; [ )
[. A Nparegpe -~ ¢ 2580
PRERLD &7 ;:tn 5- 3 2560
Y E00 mi Rica £ r
i / 2540
Gougle 1000 km I Nep data 2012 Goagle, INEG - Tur o 1

GPS Meteorology products



Applications:

= Atmospheric monitoring

= \Weather forecasting and prediction

= Global change and climate studies

= Severe weather alerts and advisories

= Natural climate variability detection: ENSO

= Space weather prediction (e.g. FORMOSAT-
3/COSMIC)

= Sun-Earth Coupling = GCM

= Efc.

S




EX1: ENSO Monitoring

UMSK: 6.03°N latitude, 116.12°E longitude and height of 63.49 m
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ENSO Episode

Cases of ENSO occurrence for the year of 2011 from SSTa data
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PWYV on weekly basis

PVWW (mm)
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PWYV at SSTa <-0.5 °C
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SE

Acc. Rainfall every 3 month

Daily TRMM 3B42(v7) 01Jan2011-31Mar2011
Accumulated Rainfall [mm]
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El NIno case
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How ENSO affect the GPS signal?

%  La Nina event associated with unusually wet conditions and correlated well
with rainfall. More La Nifa event occurred will be more decreasing in
water vapor in the atmosphere because of condensation.

%  Conversely for El Nifo, it is characterized by unusually warm ocean
temperatures in the Equatorial Pacific.

1. Easterlies weaken

2. Sea level drops in West, rises in East East
surface water surges

L
Indonesia

Wealk Easterlies
5. America

3

Upwelling
decreases

Australia
—'

Warm Surface Waters == Th'ﬂﬂﬂ"ﬂ!'
Reduced Upwelling

El Nino

Walker Circulation EI Nlﬁo Because O.I: more
West . b convection, low moisture occurs
nedonesia . H -
2" > =S8l in the atmosphere and the surface
ma— 0 ocean will be warm and
Warm -:-ur!m:nwatnupulllngulp . “Thennocline
Ingmased Upweling decreased the latent heat of sea

ARSI surface temperature (SST). ‘



EX2: PWV estimation using ANFIS
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ANFIS Algorithm

Laye 1 Laye 2 Laye 3 Laye 4 Laye 5

AND Normalized Consequent

operator  firing strengths  parameters



Adaptive neuro-fuzzy inference system (ANFIS)

The reasoning mechanisms on this Sugeno model after training by
ANFIS is obtained as,

fi = 01309P + 2.567T + 0.6413H 1+ 1969
fz = 0.06896F + 2.991T + 0.6319H + 157.3
fz=—0.1251P + 2.851T + 0.6539H + 39.91
fa = 0.3626FP + 3.031T + 0.8667H + 421.5
The PWV model using ANFIS:
Wi i+ Wa i+ Wa 3+ Wy fy

PWV= =W §i +W, - Wt +W, L
15.-?1 —EET:—EE'T}—ERZL L R 33 4£L




Some Notes (Summary)

Scientific achievement of SCAR (Scientific Committee on

Antarctic Research) agenda in 2011:
= Because of the lack in GNSS high-rate sampling receiver coverage
over polar regions, particularly in Antarctica, the Action Group will
contribute to answering questions that are still open within the Sun-
Earth interactions studies. Some of the current issues in scientific
International debate of particular interest are:
» characterization of the cause-effect mechanisms driving the
formation and evolution of ionospheric irregularities;
» distribution and evolution of precipitable water vapor in polar
regions which play a key role in the characterization and
evolution of global earth phenomena.

1


http://www.gwswf.scar.org/participants.html�

Proposed observations
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lonospheric-tropospheric coupling
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Global electric circuit identification

ionosphera (=20 km altitude) +250 kW
.\."'++++++++* + 4+ + + + + 4+ &+ + 4+ + F+ 4+ +
+

— +* ®
I(~1kA) =
~10=+ 02
(fair weather _
value) fair weather
' currant
~1400A (J ~ 2.7 pA/m=)
102 ~10° kQ
V=~200 kV
thunderstorm o
(1% Earth’s current generators -200Q 07F
surface (40 flashes /s) :
surface) {40 flashe ] < = RC ~2min
(99% Earth’s
10! ~102 kO surface)

Troposphere surface

» The increase in TEC indicates substantial disturbances to the global
atmospheric circuit (GEC), through an increase in the incident density of
energetic particles in the atmosphere, and a major change in the conductivity
in and above the ionospheric D-region.

= The above thundercloud positive charge seen is transferred to the conducting
upper atmosphere, while the negative charge is transferred to the Earth. These
GEC complex variations will depends on geographic position, magnetospherix

and ionospheric processes, and also climate change.



Connecting lonosphere-Troposphere

Roble and Tzur (1986)
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GEC proposed models
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The beneficial of GPS
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® Permanent GRS - marual download

. http://sopac.ucsd'.ecdlu/-dataArchive/ [GPS and Met data]
= CDDISA: ftp://cddisa.gsfc.nasa.gov/gps/products/ionex/ -
= AIUB: ftp://ftp.unibe.ch/aiub/CODE/ (DCB data) o‘




_ Global Electron Content (GEC)

= GEC is a new parameter
was first proposed by
Afraimovich et al. (IR
News, 2006)

= GEC is equal to the total
number of electrons in the
near-Earth space.

» GEC (in GECU) is better
than local TEC that reflect
the global response to a

i), photonscmr's—! 10"

o o SUEEAEEPRM  change of solar activity.

6 ?&‘fﬁﬁw‘.ﬁﬁ; - http://www.ukm.my/iconspace2013
. 1956 ; 1997 | 1998 I 1 909 I FON00 : 201 | 20012 I 2003 | 2004 | 2005 I .lli'liﬁ ‘:::‘




Antarctic Stamp Launching

The National Science Centre, Bukit Kiara on 8 March 2012

:

PROCRAM PENTOLIGICAN 4
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| |
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PUGAT SAIMS MEGAEA FUSAT SaihS MEGARA

PROGRAM PENYELIDIKAN / Commemorative Stamps and First Day Cover of the Malaysian

ANTARTIKA MALAYSIA Antarctic Research Programme (MARP) was launched by Datuk Seri

ligleysion Anspicic Bebbaich Pragrenng | i Panglima Dr. Maximus Johnity Ongkili, Minister of Science,
Technology and Innovation (MOSTI)
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{ Institute of Space Science (ANGKASA), UKM
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Thank you. Terima kasih!
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