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Abstract

Thisthesisinvestigates the potential foestimating tropospheric delay fro Global
Navigation Satellite Systems (GNS&Yions on moving platform&xperiencing a
change in altitude The ability to accurately estimate tropospheric delay in kinematic
GNS$ositioninghas implications for improvelkeightaccuracy due to the mitigation

of a major GNSS error source, and for the collection of atmosplvat&r vapour data

for meteorology and climate studies.

The potential for extending current kinematiGNSSpositioning estimates of
tropospheric delayfrom sea levebased studiego airborne experiments, and the
achievableheightaccuacy from a range dfopospheric mitigation stratgies used in
airborne GNS9®ositioning are explored An experiment was established at the
Snowdon Mountain Railway (SMR)tilising the railwayto collect a repeatable
kinematic datast profiling 950m of the lower atmosphere over a 50 day period.
GNSStations on stable platformand meteorological sensors were installed at the
extremities of the trajectory, allowing reference tropospheric delays esmrdinates

to be established.

The etrieval of zenith wet delay (ZWDOJom kinematic GNSS solutions using
tropospheric estimation strategids validated against ainterpolatedreferenceZWD
between GNSS stations on stable platfornmtegether with profiles from 100m
resolution runs of the UK Met Office Unified ModehAgreement betweeneference
ZWD values and a combined GPS+GLOpI&8ISe point positioningAPR solution is
demonstrated with an accuracy of 11neém (RMS), similar to eelative positioning

solution and previous shipborne studies

The impact on the height accuracy from estimating tropospheric delay in kinematic
GNSSositioningis examined by comparing absolute and relatt¥SS positioning

solutions to aeferene trajectorygeneratedirom a rehtive GNSS positionirgplution



processedwith reference to the GNSS8ationson stable platformssituated at the
extremities of the SMR. A height accuragith a standard deviation of 7&m was
demonstratedfor the GPS+GLONASS PPP solution, similarG&@Sanly relative

solution, and providing an improvement over the G#?8/ PPP solution.
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1. Introduction

1.1. Background to study

The delay to incoming Global Navigation Satellite Systems (GNSS) radio waves due to
tropospheric gases is one of the lagg@inmitigated error sources in kinematBNSS
positioningfollowing recentimprovemens in determiningsatellite orbits and clocks

The zenith total delay (ZTD) is typically aroundi2 & sea level, with 90% comprising

the zenith hydrostatic dely (ZHD), and 10% the zenith wet delay (ZWD). The
variations in the ZTD are predominantly duehigh frequency spatial and temporal
perturbations of atmospheric water vapour, with errors in the empirical modelling of
the tropospheric delay being domated by misrepresenting the ZWBing, 2009)
Parameterising the tropospheric delay in thk@ematic GNSSpositioning solution

allows for the variations to be estimated and the delay mitigated, improvindéhght

accuracy.

High accuracy kineatic GNS®ositioning is required for aircraft data campaigns such
as LIDAR and photogrammeffigrabillet al, 2002) with absoluteGNSS$ositioning
techniques improving the cost effectiveness and allowdaga collection in remote
areas. The tropospheridelay is of greatest consequence to the height component in
any GNSS positioningplution, with unmitigatedZTDamplifying into the height error
by typically a factoof three (Santerre, 1991) The mitigation of tropospheric delay to
improve positioning quality (e.g. Saastamoinen (1972); Dodzgal. (1996); Boclet

al., (2001))is well established for static GNS®sitioning but the mitigation in
kinematic GNSgositioningis more complex due to the dynamics of the receiver and
changing atmospheric conditionsThe strategieasedto mitigate tropospheric delay

in kinematic GNSS positionimyolve modelling or parameterisationThe accuracy of
the height component for an airborne dadet is important due to the propagation of
errors in the geaeferencing of a datasefSkaloud, 2002)however, assessing the
accuracy of airborne GNS®sitioning is problematic due to the difficulty in

establishing an accurate reference comparator. vitres studies into airborne GNSS
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positioning solutions have compared different GNf&sitioning solutions to each
other (e.g. Choet al. (2013) Martin et al. (2013)) toassesshe performance of a
solution;but this can result ithe masking ofysematic errosin the GNS$ositioning

solutions

Atmospheric water vapour is a key atmospheric gas in climatology and meteorology
due to its role in the transfer of energy in the atmosphere and its impact on
precipitation events, with observations requirefr monitoring and prediction
purposes. The current global water vapour observation dataset is limited due to the
available global coverage, latency of datad weather dependent limitations of
instruments such as satellite radiometers in cloudy coodgi(Prasad and Singh,
2009) Precipitable water vapour (PWV) can be measuredgu&€NSS by retrieving
the ZWD througtparameterising the ZTD, and modelling the ZHD with pressure and
temperature measurementsThe collection of water vapour data (e.g. Rexcet al.
(1995); Byun and B&ever (2009); Dousa and Bennitt (2013); Dousa and Vaclavovic
(2014)) fromGNSS stations on stable platforimss been well documente@and the
assimilation of GNSS measured tropospheric delay intoemizad weather moded
(NWMs) is an operational techniquéGutmanet al., 2004)but is limited in coverage
due to the distribution osuch GNSS stationKinematic GNSsitioningoffers the
potential to increase the coverage #WV observationsbut the validation of
kinematic GNS$ositioningto estimate ZWD for meteorology has to date been
confined to shipborne studies for relati{€hadwell and Bock, 2001; Dodsetnal.,
2001) and absolute(Rockenet al., 2005; Bonifacest al., 2012) GNSS positioning
solutions, andhesehave only used observations from the Global Positioning System
(GPS).Estimating water vapour from &NSS station on a moving platfoover a
variety of altitudes would allow the colléon of tropospheric delay data ereas that
arecurrentlysparsen terms of GNSS stations on stable platforarsd provide profiles

for mesoscale and microscale meteorology.
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1.2. Aims and objectives

The current limitations in validating troposphernitigation, and sensirgimospheric
water vapour from kinematic GN$8sitioningover a range of altitudes (discussed in
sectionl.l) informed the aims and objectives of this thesis. Therefore the afrthis
researchareto benchmark theheightaccuracyattainable with different tropospheric
mitigation methods used imairborne GNSSpositionng, and to investigate the
feasibility of using kinematic GN®8sitioningover a range of altitudes to collect
atmospheric water vapour data. To achieve the profedains, the objectives of the

researchare as follows:

71 Identify a suitable test platform that provides a repeatable trajectory through

a range of altitude¢~1 km) in the lower atmosphere.

1 Test a ange of empiricatropospheric models used in conartial kinematic
GNS$9ositioning, and bnchmark theheightaccuracy offered by these models

over a range of altitudes.

1 Examine the use of kinemati&NSS positioning tenlgues both relative and

absolute to estimate ZWD from movingplatform over a range of altitudes.

1 Comparemulti system combined GNSS using observations from GPS and the
RussianGlobalnaya Navigatsionnaya Sputnikovaya Sist€@l2ONASS) and
observations froma singular GNSS system (@R&) in kinematic precise

point positioning (PPP) solutiofw estimating ZWD.

1 Investigate the impact of tropospheric mitigation dhe overall height
accuracy of kinematic absoluBNS positioning, both relative and absolute,

over a range of altitudes.
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1 Compare theoverall height accuracy of multi system combined GNSS
(GPS+GLONASS) to singular GNSS systeron(@HSPP solutions over a range

of altitudes.

1.3. Chapter Outline

The nine chagers that form this thesis cabe summariseds follows

Chapter 1lintroduces the research that forms the thesis along with the aims,

objectives, and motivations of the research.

Chapter 2explores the significance of atmospheric water vapoorctimate and
meteorology, with the structure of the atmosphere and the distribution of water
vapour in the atmosphere detailed. Current methods to retrieve water vapour data
are described and assessed in terms of their accuracy, latency, spatial @soluti

global coverage, and availability.

Chapter 3presents an introduction to GNSS aadtlines the major error sources
impacting on théheightaccuracysuch as tropospheric delayA review is undertaken
of previous work ging kinematic GNSf#®sitioningfor the retrieval and mitigation of

the tropospheric delay.

Chapter 4states the requirements needed of a data set to address the pr@eatns
and objectives. The experantal design using the Snowdon MountaiailRay(SVR)
and the resulting dataset is described, along with the generation of a reference

trajectory using spline fitting.

Chapter 5details how referenc& WD values are derived for the later validation of
kinematic GNSRositioningestimates of ZWD. The chaptautlines the use oGNSS
Inferred Positioning Syste(®&IPS)to generate ZWD estimates f@NSS stations on

stable platformsextrapolation of pressure over the test site, the interpolation of ZWD

4
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to the GNSS statih on a moving platfornmand the use of an independent ZWD dataset

from a NWM.

Chapter @ests the performance of a number of empiri¢edpospheric delay models.
The empiricaltropospheric models are described and the resulting temperature,
pressure ad delay estimates are analysed against the comparators described in

Chapter 5.

Chapter 7 undertakes an assessment of estimated ZWD from kinematic GNSS
positioningover a range of altitud® A comparison of ZWD estimates from the Met
hTFAOSQA I oAt AirfeRolate@ RfBrence is also undertaken. The
estimation techniques are validated over a range of height, and the retrieval of ZWD
from a combined GPS+GLONR®Ss0lution is compared to a Galy PPPsolution.

The results presented imis clapter feature in the submitted manuscripy Webbet

al. (2014)

Chapter 8investigates theheight accuracy of kinematic GN$8sitioningsolutions
obtained using different tropospheric mitigation methods, usthg SMR data set.
The solutions were validated against theferencetrajectory and the validation of
heightaccuracy allow GR$ly and GPS+GLONASS PPP solutions to be compared.

Chapter 9summarises the reseah and the conclusiondrawn from the research
Suggestions for further work building on the results provided in this thesis are

included.
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role in the transfer of heat in the atmosphere and ppttion is of great interest to
climatologists and meteorologists. The refraction of water vapour on microwaves and

the resulting errors on instruments and systems that use the radiation has also
increased interest in atmospheric water vapour. In thiéofwing section the structure

of the atmosphere, the consequence of water vapour on climate and weather, the
interaction of microwaves with water vapour, and instruments that can measure

water vapour will be explored.

2.1. Atmospheric sucture

The neutral atrosphere can be considered to have four main zones, the troposphere,
stratosphere, mesosphere, and thermosphere. The distinction between the different
layers can be made by the temperature profiles that exist in each layer, vainégch
related to pressuresolar radiation, and emitted thermal energy from the Earth.
Layers in the atmosphere as well as the vertical temperature profile are reproduced
from Wallace and Hobbs (197&hd displayed ifrigure2-12.
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Figure2-1. A vertical temperature profile (black line) of a standard atmosphéiiee
boundary layers between the atmospheric layers are defined in magenta.

2.1.1. Troposphee

The tropospheric layer can be characterised as having a temperature profile that
generally decreases with altitude. This lowest layer of the atmosphere accounts for
up to 80% of the atmospheric mass, with the vast majority of water vapour being in
the troposphere. Due to the atmospheric temperature gradietnvection occurs
causing vertical mixing of the atmospheric particles leading to precipitation. The
troposphere is capped by the tropopause, a layer of the atmosphere with a constant
temperature, that defines where the atmosphere constituents changes(e isvery

little water vapour above this layer), anhere there is dack of mixing between the

lower, colder troposphere and the highgwarmer stratosphere.

2.1.2. Stratosphere

The stratosphee has a positive temperature gradient with height due to the
absorption of ultraviolet radiation byozone. The stratified structure of the
atmospheric temperature results in a dynamically stable body of atmosphere with
very little convection. Thetratosphere upper boundary pressure is aroundnbar
meaning over 99% of atmospheric mass is contained within the troposphere and

stratosphere.



2. Atmospheric water vapour

2.1.3. Mesosphere andnermosphere

The upper atmosphere contains the mesosphere with a decreasing temperature with
height, while the thermosphere has an increasing temperature with height that can
reach up to 200K depending on the solar activity. The high temperaturehe
thermosphere is a resulof the low density of atmospheric particles in the
thermosphere such that very little energy is stored (the measurement of air

temperature is a measure of the kinematic energy of air particles).

2.1.4. lonosphere

The ionosphere is an electrically charged layer of the atmosphere and is situated
within the upper atmospheric layersf the thermosphere and mesosphenap to a

height of 1000km. The ionosphere is a result of radiated particles from the sun
ionising atmospheric particles. The low density of particles in the upper atmosphere
means that free ions and electrons do notoenbine simultaneous)yas occurs in the
denser lower atmosphere. The resulting charged particles advance the GNSS carrier
phase, and delay the modulated code. Due to the dispersive nature of refraction in
the ionosphere first order effects can be mitigd by linearly combining signals on
different frequencies, for example L1 and L2 in GPS procd$setigeet al., 2011)

2.2. Global distribution oAtmospheriovater vapour

The amount oatmospheriovater vapour depends on the amount of evaporatiordan
precipitation, with these processes balancing on a global scale. Due to the differences
Ay GKS FY2dzyd FyR AGNBYy3IOK 2F GKS adzyQa
the spatial distribution of land and water bodies, there is an imbalance iarh@unt

of evaporation and precipitation in localised areas. The greatest evaporation globally
occurs in the subtropics, facilitated by the presence of oceanic anticyclones increasing

exposure to the sun. Precipitation is generally greater than evamorat the
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equatorial zone and at latitudes greater than 485a consequence of the monsoon

(Wang and Ding, 200@nd baroclinic wave@Nallaceet al., 1988)respectively.
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trander of heat. Water vapour does not absorb incoming shortwave radiation from

the sun, but absorbs emitted infrared thermal energy from the Earth. Latent heat
added to the atmosphere (resulting in evaporation) is converted to sensible heat
(changing the temperature) when water vapour condenses (resulting in precipitation),

fuelling thermal circulation.

Warm air can sustain more water vapour before becoming saturated. The global
distribution of water vapour is therefore dependent on latitude. An examplthef
global total column water vapoufrom a combination of radiosonde and passive
satellitemicrowave and infraredensor observationtor July 2001as provided byhe

NASA Water Vapour Project (NVAR)isplayed irFigure2-2.

e

NVAP—NG WATER VAPOR
] 140 pla} 34 40 50 60 70
*

Figure2-2. The global mean distribution of total column water vapour for July 2001
from NVAP Https://eosweb.larc.nasa.qgov/PRODOCS/nvap/images/browse/

index.htm).

Due to the contribution of water vapour to the transfer of energy in the atmosphere
its distribution and concentration is of great interesb tlimate scientists and
meteorologists. For meteorologists to forecast weather pattehessing knowledge

of the amount of water vapour cagnablemodelling of the transfer of heat within the


https://eosweb.larc.nasa.gov/PRODOCS/nvap/images/browse/index.html
https://eosweb.larc.nasa.gov/PRODOCS/nvap/images/browse/index.html
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atmosphere and resulting convection events, as wehagng tangible estimates on

the quantity of expected precipitation.

Water vapour is of great importance in long term climate studies due to the
consequence of a warming planet leading to greater amounts of evaporation, which
in turn leads tagreater amounts of warming due to its part in atmospheric circulation.
The consequence of a rise in air temperature is also expected to result in an increase
In intense extreme precipitation events. The increase in extreme precipitation is a
result of he Clausiu€lapeyron relationship where the atmospheric water holding

capacity increase@Ventz and Schabel, 2000; Utsuehial., 2011; Berget al,, 2013)

2.3. Relationship of ZWto PWV/IWV

The amount of water vapour in a vertical column of the atmospheoétén described

in GNSS literature as a distance, derived from converting the increase in time for a
signal to reach a receiver (due to refraction from atmospheric gases) to a vertical
distance i.e. the zenith wet delay (ZWD) In climatology andmeteorology,
atmospheric water vapour is often described as integrated water vapour (IWV) or
precipitable water vapour (PWV) or often simply PW. IWV is the mass of water vapour
per unit area with unitkg m2, while PWV is the equivalent height of a coluiof

water with units in metres. WV can be converted to PWV by simply dividing by the
density of liquid water. ZWD can be related to PWV by the dimensionless constant

as described bReviset al. (1992)and shown in equation@-1) to (2-3).

D t Q7% (2-1)

With

p T (2-2)
Y Q)Y 0

10
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and

Q Q 40 (2-3)

Where” is the density of liquid watetY is the specific gas constant for water vapour,
"Y the weighted mean temerature of the atmosphere™Q are refractiviy
constants andx is the ratio of the molar masses of water vapour and dry an

approximate value af is 0.15.

2.4. Atmospheriavater vapour sensing methods

There are numerous technigues and devices that are used to pratidespheric
water vapourdata and products. The method used dictates the spatial coverage,
temporal resolution and spatialresolution of the dataset. The data collection
techniques can be considered as satelligséd global datasets and groubdsed

single poim datasets.

2.4.1. Satellite based techniques

¢KS alriaSttAdsS oFrasSR NBIUNASOIE 2F t2z+ TN
satellites Aqua and Terra, and the ESA Envisat satellite, uses passive sensors that
measure the absorption properties of reflected radiascby atmospheric water

vapour in the thermal and neanfrared spectrum. It is also possible to measure
radiance interaction with water vapour between satellites, as is the case of GNSS radio

occultation.

24.1.1. Passivénstruments

There are a number of passi satellite based instruments that exploit the water
vapour absorption spectral bands including the Atmospheric Infrared Sounder (AIRS),
Moderate Resolution Infrared Spectrometer (MODIS), Medium Resolution Imaging

Spectrometer (MERIS), Advanced Microw&eanning Radiometer (AM&R and

11
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Special Sensor Microwave Imager (SSM/I). The use of different spectral, bands
including methods based on microwave, solar reflectance and theimfralred,
results in a range of spatial resolutions, with the shorter wength radiation offering
higher accuracy but at the expense of the ability to collect data in cloudy conditions
or at different times of the day. The low and constant emissivity of liquid water makes
instruments measuring microwave radiation suitable fmonitoring PWV over
oceans. The SSM/I provide oceanic PWV estisnatgh a spatialresolution of

13- 70km, depending on the frequency, and RMS agreements ofrBrvto globally
distributed radiosondeg¢Deblonde and Wagneur, 1997)The SSM/I canaign has
been operational since 1987 so offers a long time series of global oceanic PWV
measurements. The AM&Rallows differencing of the separately measured polarised
brightness temperatures; consequently PWV data can be collected over ocean and
land aeas. AMSIE land based PWV values were found to have an dffégenceof

6 mm when compared tstatic GPS positioning solutiofi3eeter, 2007)while oceanic

PWV values are acquired with an absolute erraalmdut 3.5mm.

Instrumentsthat measure emitted thermainfrared and neaiinfrared radiation offer
higher accuracy PWV measurements than the satellite microwave instruments.
However,data collected in the infrared spectrum is not usable during precipitation
events or with the coveof clouds due to the infrared radiation being absorbed. AIRS

is one such instrument and is dmoard the Aqua satellitéParkinson, 2003tombining
RAFTFSNBY G F0ad2NLIiAz2y OKFyyStaQ NIRAFyOS
measuring temperaturéo calculate a water vapour profile and PWV. Global coverage

is achieved daily, with a spatial resolution of 1Bm®. Rajaet al. (2008)undertook a

six monh comparison of AIRS PWV datéh PWV froma network of GPStations on

stable platfamsaround the USA and found an RMS agreementrafdl Retrieval of

PWYV from AIRS has been found to be within 5% of the total PWV measured at a range
of climatic sites situated in the tropics, central United States, andAtiatic when
compared to grounebased water vapour radiometer@Bedkaet al, 2010) The
accuracy of AIRS PWV ¢eweverbe degraded for areas with small amounts of PWV
where a moist bias can be introduced, as well as an underestimation for night time

retrievals in midatitudes for mast atmospheres.

12
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Along with AIRShe MODIS instrument is on the Aqua satelated employed on the
TERRA satellite. MODIS makes measurements in theinfemred spectrum with a
spatial resolution of km, and in the thermal band with a spatial resodutiof 5km.

The nea#infrared product provides PWV for land and ocean sun glint areas in the
daylight, while the thermal product provides PWYV for land and ocean regardless of the
position of the sun but only with clear skies. MODIS PWV data collectethodevas
found to compare tdPWV from static GPS positioning solutiamsl radiosonde with
standard deviations of 1.4nm and 2.2 mm respectively, with MODIS PWV
overestimating in both comparisorgkiet al., 2003) whileChenet al. (2008)found an

RMS agreement of 3.81m between MODIS neanfrared and over 100 GRFations

on stable platformscross the USA. The neafrared PWV estimates hawedsobeen
shown to have large seasonal variability when compared to GPS PWV, with RMS biases
rangingfrom 3.1mm to 10.5mm between winter and monsoon seasaifgasad and
Singh, 2009)Furthermore Liet al. (2005)found a standard deviation of 1rém for a
comparison of MODIS tstatic GPSpositioning solutionsafter applying an inverse
distance weightd interpolation in the MODIS data to fill in cloudy pixels. The
application of the cloud correction model resulted in a 22% increase of coverage for a

series of scenes in Southern California.

There are a number of historical datasets such as MERIS od ti@anow expired
Envisat satellite. The spatial resolution of the MERIS dataset walkn0.ia full
resolution and 1.2km in reduced resolution, with agreement witbtatic GPS
positioning solutions estimates of PVWVer a range of seasons of Inim standad
deviation found byLiet al.(2006) Due to the MERIS instrument only measuring near

infrared, no measurements could be taken with cloud cover.

There are a number of planned satellite missions currently in development that will
collect PWV from visibland neatinfrared instruments, including the successor to
MERISi.e.the Ocean and Land Color Instrument (OLCI) on the Seftigatellites
(Diedrichet al., 2013) OLCI will provide PWV with a spatial resolution okéh3wvith

global coverage achieden four days.However, onlyupcoming satellite missions will

13
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still have to deal with the consequence of the accuracy of PWV retrieval compared to

the coverage achieved due to limitations of cloud cover.

An alternative technique from the satellite metti® described above is the use of
Interferometric Synthetic Aperturedlar (INSAR). InSARa widely used technique to
monitor geophysical deformationf.i et al., 2011 Wen et al,, 2012 Tomaset al.,
2014), usinga differential techique between repeapass imageéusing the observed
returned phase)to assess changes between the images. Due to using edlect
microwaves the technique idfacted by tropospheric delay. If the known baseline
and topographic effects in a differential interferogram are warad, the change in the
phase between the dififenced data will be duéo the variation in the tropospheric
delay. Liet al (2009) demonstrated amprovement in deformation mapping by
integratingMERIS PWYV data with a tirseriesof interferograms Dueto measuring

at microwave frequencies the INSAR technique overcomes the limitations of the
MERIS sensor and is applicable at night and in cloudy conditidrestechnique can
provide sib-centimetre ZTD estimates ahetre level spatial resolution, with #

variation in ZTD mapped over a largeea(~72km).

24.1.2. GNSS radio occultation

GNSS radio occultation (RO) observes the Doppler shift in the GNSS signal between a
GNSS satei and a GNSS receiver mounted @ low Earth orbiting satellite. The
refractiveindex can be calculated and vertical profiles of pressure, temperature and
water vapour content deduced. A benefit of GNSS RO is the ability to collect data in
all weather conditions and over oceanic areas. To calculate PWV, ancillary
temperature measurments are required. GNSS RO is a useful technique to derive
temperature and pressure profiles in the atmospheric layers above the tropopause.
However, it is problematic to separate temperature and water vapour estimates in the
lower troposphere(von Engl and Nedoluha, 200%yithout additional atmospheric
data. PWV can be calculated from RO by extrapolating through the lowest part of the
troposphere as demonstrated blenget al. (2013) with RMS differences of saim
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2. Atmospheric water vapour

compared to SSM/I and AMERPWYV oceaobservations.Huanget al. (2013)also
found a PWV bias between 1tbm and2 mm, and a standard deviation of rBm
between the RO C&]MIC mission and the global GPS estimates from the International

GNSS Service (IGS) and SuomiNet networks.

2.4.2. Groundbased tehniques

Unlike the large spatial scale datasets that are available from satellite based
techniques, groundased techniques offer atmospheric samples from a single point.
Through the use of networks of instruments, PWV estimates can be established over
a local region or globally. Network datasets are therefore predominantly from
groundbased monitoring sites. Due to the direct measurements emplayetithe
positioning of instruments closer to the troposphergroundbased technique

accuracies can be higher than the satellite based methods.

2.4.2.1. WaterVapourRadiometers

Water vapour radiometers (WVRS) use the absorption properties of water vapour of
EM radiation around 2&Hz to observe the atosphere temperature brightness. Two
frequencies are used to separate the contributions to the temperature brightness
from water vapour and liquid water (stored in clouds). PWV measurements can be
calculated from the radiated energy by a tuned radiativansfer model from an
ensemble of radiosonde profiles. The combination of errors from calculating the
radiative transfer model and instrument noise is between @u® to 0.3mm PWV,

depending on the frequencies availalftéadeddiet al., 2013)

The WVR glmal coverage is sparse with the Atmospheric Radiation Measurement
(ARM) pogram providing five continuousbperating sites at Oklahoma, USA; Alaska,
USA; Darwin, Australia; Manus Island, Papua New Guinea; Denigomodu, Nauru; along
with three mobile siteghat can be rdocated(Cadeddwet al., 2013) There are also

operational WVRat sites at Onsala, SwedéEmardsoret al., 1999; Elgereet al.,
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2012)and at Wettzdl, Germany(Benderet al., 2008) WVRs havalsobeen widely
used for short period sitepecific studies to validate alternative column water vapour
estimates from GPSgry long baseline interferometry/(B), and NWM(Liouet al,,
2000; Nielkt al,, 2001; Teket al., 2013) Howeverthe technique has not been widely
deployed due to the cst of the instruments, the requirement of radiosonde data to
provide an accurate conversidrom measured temperature brightness PWV, and

the consequence of scattering from liquid water on the observations, resulting in data

not being able to be colleet when there is precipitation.

2.4.2.2. Sun photometers

Sun photometers or radiometers are passive instruments that measure the spectral
transmission of the solar irradiance at 94én wavelength(Halthoreet al,, 1997)
Instruments are globally distributed inePAERONEKHolbenet al., 1998)programme,
providing PWV profiles at a temporal resolution ofifiutes and at an RMS accuracy

of 0.5 mm when compared to static GPS positioning solution estimates of PWV
(Bokoyeet al, 2007) The limitations of sun photoeters are the requirements of a

cloud free sky to collect data, and the collection in daylight.

2.4.2.3. VerylongBaselineinterferometry

VLBImeasures emitted microwave radio waves from astronomical bodies to calculate
a reldive positionbetween twoVLBI statios on stable platformmeasuring the same
emitting body. The troposphere refracts the incoming radio waves and causes a
propagation delay similar to that experienced in GNSS. To mitigatieapespheic
delay, a correction for the residusloposphericdelay is estimateqHerringet al,

1990) Similarly to GPS, mapping the delay to the zenith is impof(Bwehmet al.,
2006b) To retrieve PWV from thetal delay, insitu pressure measurements are used

to calculate ZHD, and temperature data to transform from an integrated delay to PWV.

16



2. Atmospheric water vapour

Haaset al. (2010)showed agreement betweeWBI, radiosonde, and WVR dat&

2 mm PWYV over a 24ear test period at &ingle site the Onsala Space Observatory
A five year comparison of PWV from 14 global VLBI stations atata@ied GPS
datasets waslsocarried out byJinet al. (2009) with VLBI fond to underestimate
PWVby between 0.8 and 2mm. VLBI offers higaccuracy PWV measurements, but
the resulting PWV is only really of use as a comparator fdocated instruments
rather thanfor assimilation into weather and climate models, due to the low number
of operatingsites (with this unlikely to increas by a significant number due to the
high cost of establishing and operatingvaB), and the norcontinuous nature of

measurements.

2.4.2.4, Raman LIDAR

Raman light detection and ranging (LIDAR) instruments emit radiation to measure the
backscattering from wiar vapour (4081m) and nitrogen (38@m), allowing the water
vapour mixing ratio to be calculatedgmass of water vapour divided by mass of dry
air). PWV can be deduced from the mixing ratio by integrating as a function of altitude
andusingmeteorological measurements, primarily from radiosondes. A Raman LIDAR
does not sample through the entire atmosphere but relies on receiving back scattered
signals. In dry cold conditionGerberet al. (2004)found that samples could only be
collected up to an altitude of ~Bm with the instrument situated at ~3Jm, though
Ferrareet al. (1995) found that in different atmospheric conditions profiles were
available to km. Whitemanet al. (2006)obtainedstandard deviations of ~6.5% for
mixing ratio data when compared wititatic GPSositioning solutionglerived PWV
estimates. However,even though the system offers high accuracy water vapour
measurements, the cost of the instrument limits its use to calibration and sitefgpec

field work.
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24.2.5. Radiosondse

Radiosondes offer a direct measurement of water vapour, sopramide a near

vertical (dependent on wind) profile of the atmosphere. Raging through the

pressure and temperature profiles as outlinedDaviset al. (1985) or integration of

the mass mixing rati¢Glowackiet al., 2006) can provide PWV estimates. There are

around 1500adiosondes asitesdistributed globallyDurreet al., 2006) with certain

sites offering time series of atmospheric data oBéryears. Includedin these 1500

sites are 24 currently operational radiosonde at sites in the UK
(http://badc.nerc.ac.uk/viewbadc.nerc.ac.uk  ATOM_ _dataent ABER accessed

Wdzt @ HAamMnO® ¢CKS aLIl GAlFf RAAGNRAOdziAzYy 2°7F

hemisphere where the greater land coverage is situated, along with large data gaps in
the African continent. The tempakresolution varies between sitesitiypically there

areonly one to two launches a day.

Brueggeet al. (1992)outlined certain errors in the retrieval of column water vapour
from radiosondes, such as the effect of freezing and the later latent heaasele
affecting the humidity probe, the different time lags between wet and dry bulb
temperature measurements, and the lack of sampling of the upper atmospHete.

et al. (2000)estimated the overall uncertainty of PWV estimates from radiosondes to

be £ 13 mm; asa combination of approximation and observation errors.

Variations in different humidity sensoused on radiosondesanalsoresult in a range

of uncertainties from global moisture measuremertkuoet al, 2005) Wang and

Zhang (2008)ested 14different types of radiosondeand when compared tcstatic
GPSositioning solutionsfound a range of biases between instrumentith negative

and positive biases of ~hm PWWdepending on the sensor typesed The widely

used Vaisala RS92Rd 2 4 2 Y RS Qa K dz¥ilsoRderi showa ® Viavea\dryK | &
bias of 9% at the surface, increasing to 50% dtrhaltitude (Wanget al., 2013) asa

consequence of solar radiation heating of the humidity serf§omelet al., 2007)
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2.4.2.6. GNSS meteorology

Theuse of GNSS as a meteorological data collection technique has been envisaged for
over 20yearsas outlined irBeviset al.(1992) with the estimation okenith total delay
(ZTD with GNSSfrom which the ZWD may be obtainéy using pressure datto
estimate ZHDand then the ZWDconverted to PWV In the intervening years there
have been numerous regional (e.g. Thoreasl.,2011)) and global (e.g. Heiseal.,
2009) assessments of GNSS derived PWV. GNSS water vapour produaitsobaes
assimilatednto NWMswith positive resultgPoliet al,, 2007; Bennitt and Jupp, 2012)
havebeen used toalidatealternative column water vapour measuremeiitsuet al.,
2006) have been used twalidateNWMs(Veyet al., 2010) and acted as a correction
method to scale radiosonde water vapour profi{@écMillin et al., 2007) Due to the
retrieval of atmospheric water vapour frokinematic GNSSositioningbeing the
main focus of this thesis, the use of GNII® estimates in static and kinematic modes
for the purpose of mitigating ancheasuring tropospheridelay are discussed further

in Chapter 3.
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2. Atmospheric water vapour

2.5. Summary

Atmosphericwater vapour is a key observable for weather forecasting and aimat
prediction. The magnitude and distribution of water vapour has a consequence on
the transfer of heat in the atmosphere and can be an indicator of climate change.
There are limitations in the global observation dataset of atmospheric water vapour
due topoor spatial sampling, instrument constraints, absolute accuracy, and latency.
A combination of techniques itherefore required to maximise the amount of
available dataput with closeattention needed to be given to the biases between

different techniques
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Atmospheric water vapour and GNSS are intrinsically linked duestprtipagation of
GNSS signals throutfie troposphere For positioning applications the delegused

from water vapour is an error that must be mitigatdoulit if the magnitude of the delay

can be defined by a GNB&sitioningsolution, this error carthen become a desirable
signal for meteorologydue tothe column water vapour magnitude in ttrigmosphere

being deduced. Tropospheric delay maps directly into the height of GNSS positions,
and is one of the major error sources in airbor@&S$ositioning The ability to
accurately account for the ZWD in kinematic GN8Sitioning shou reducethe

height error, andwould extend the potential of GNSS meteorology to a variety of
moving platforms providing high temporal measurements of ZWD, in all weather

conditions, and the abilityo profile the atmosphere.

A summary of GNSSheory will be presentedincluding errors and processing
strategies. Previous work on retrieving ZTD from GNSS for sensing and mitigation
purposes wilthen be reviewed. The work presented in sect®.2is included in the

submitted manuscripWebbet al. (2014)

3.1. Overview of GNSS theory

3.1.1. Available systems

There are currently two fully operational GNSS offering global coverage, the American
military operated GPSand the Russian e@pated GLONASSThere aralsoa number

of other GNS& development degined to offer global coveragmcluding the Chinese
BeiDou and European Galileo systems. Combining multiple GNSS observations offers
redundancy into a solution @hincreases the potential of receiving satellite signals.
However, he validation of multiple GNSS observations in kinematic positioning and

atmospheric sensing has farbeen limited. The retrieval of ZWD and theight
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3. Kinematic GNSS positioning

quality from a kinemat multtGNSS solution and a single system solution will

thereforebe assessed in Sections 7 and 8.

3.1.1.1. GPS

The United States Department of Defense operated Global Positioning System consists
of at least 24 operational satellitegf to 32 satellites providmredundancy to keep

the system at full operational capability (FOC)) orbiting in six planes, all inclined at an
angle of 55° to the equator and with equally separated ascending nodes. Each satellite
completes two revolutions per sidereal day, with theedlite constellation repeating

for aGNSS station on a stable platfofour minutes earlier each day’[ S Hgnalg Q
are broadcast for each satellite on the L1 and L2 bands at frequencies of 1513z2

and 1227.60MHz respectively. Knvn pseuderandom sequences unique to each
satellite are modulated onto the carrier frequencies. There are4io S 3dqu@Bces
available, the civilian course acquisition (C/A) code, and the encrypted military P(Y)
code, which has an order of magnitudegher transmission rate. A navigation
message is alsbroadcast on each frequency with orbit, cloetmanacand health

information for the user.

3.1.1.2. GLONASS

The Russian operated GLONASS constellation operates at FOC with 24 satellites in
three orbital planes inclined at an angle to the equator of 64.8°. The system first
gained FOC in 1995 but the system was not maintained and the number of satellites
dropped to just six in 2001. In the last decade an increase in funding has seen the
system rach global FO@gainin 2011 (Groves, 2013) The GLONASS satellites
broadcast in the L1 and L2 band but each satellite broadcasts on a separate frequency.
The L1 frequencies are centred around 16@Riz, and the L2 frequencies around
1246MHz with the dvision following the frequency division multiple access (FDMA)
method and protocol. Due to the frequency of each signal being unique, satellites can

be identified accordingly, and therefore the same psewdodom code can be
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3. Kinematic GNSS positioning

modulated onto each carrieréquency. Similar to GPS, a civilian and encrypted signal

is encoded onto the broadcast signals.

3.1.1.3. Future: BeiDou and Galileo

There are a number of GNSS initiatives currently in development aiming to provide
global coverage including the Chinese BeiDouesysand the European Galileo
system. Botlof theseare currently in developmerdnd so, everthough data from
these systems are not used in this thesi® systems will be described they should
have apositive impacton heightand tropospheric estimation, due tocreased
satellite availability and the potentiaof combining signals for retime GNSS

applications.

Galileo will be a 30 satellite system orbiting in three planes inclined at 56° to the
equator and with an orbit repeat time of iburs 4minutes and 45econds. Ogoing
in-orbit validation (I0V)is currently being carried out with far Galileo 10V test
satellitesand nitial results from the test constellation have established a Galileo only
position fix from the four 10V satellit¢&oodeet al,, 2013) Positive results hawaso
been seen by the incorporation of Galileo and GRfhals in a single parameter
estimation processwith a reduction in noise in the E5 ba8pringeret al, 2013)
Galileo has twmperational satellites built and waiting deploymentlate 2014, with

theinitial Galileo constellatiosurrentlyforecast toreach global FO@ 2020.

The Chinese government funded BeiDou system will consist of five geostationary
satellites, 27 medium Earth orbit satellites, and three geafironous orbit satellites.
Signals are broadcast at three frequencies, with two open bands and one restricted
band. There are currentlthirteen satellitesavailable at the IOV s, with the
distribution of the satelliteenablingsystemtestingover the AsiaPacific region, with
initial positive results from the use of triple frequency combination in ambiguity fixing

in relative positioningMontenbrucket al., 2013)
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3.1.2. GNSS arwept

GNSS systems use trilateration to calculate a position. Distances are calculated by
measuring the time for the known modulated code to travel betweengatlliteand
receiver The frequency of the modulated code anddé of message dictates the

best possible precision of a measured distance, which for the C/A code used in GPS
equates to 3m. Due to errors in the satellite and receiver clocks the calculated
distance is known as the pseudorange. A minimum of fourmsens are required

to solve for the three unknown coordinate positions, and a correction to the error in

the receiver clock.

To allow for more precise measurements the number of a@i¢he incoming carrier
wave must be established. The shorter wéasregth of the carrier wave compared to
the modulated code allows for an improvement in precision in establishing the range

between receiver and satellite and is known as the carrier phase observable.

3.1.3. Error sources

Due to the similar methods used withiall GNSSthe same error sources are
experienced in each system. The error sources in GNSS will be described, with the

errors grouped into random and systematic effects.

3.1.3.1. Random errors

Error sources that vary in magnitude and sign and do notviolopattern in their
distribution are considered random errors. They are referred to as random due to
unpredictable variations in the driving forces behind the signals. The precision of
measurements are affected by random errors, therefore the errorlmaneduced by
aveaaging from a largsampled dataset. In GN$8sitioningsolutions thecurrent
sources of random error can be considered to occur from signal mmddruman

error.
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With every set of observations therdlihbe a certain amount of uncertainty (or noise)

in a measurement due to constraints of the system. In pseudoramggsurement

the signal noise is dictated by the resolution of the C/A code, while for carrier phase
measurement it depends on ghwavelength of the carrier frequency. The observation

type being used will influence the magnitude of the signal noise.

In the collection of any dataset the operation of the instrumexiso has to be
considered. Errors can arise in GNSS positioning nastable mounts, errors in
antenna height measurements and incorrectly centred antennas. To minimise the
consequence of human errors on a GNi&#d work campaign, a detailed station

checklist and a record of station metadata should be undertaken.

3.1.3.2. Systematic errors

Systematic error sources are caused from a physical attribute, a hardware issue, or a
limitation in the computational algorithm (e.g. Stewattal., 2005). If the contributing
factor can be understood and mathematically modelled, the eraor be mitigated.

With systematic errors the accuracy of theeasurements are affected, wheas the
precision of the measurements is maintained. Systematic errors propagating from the

satellite, signal transmission, and receiver segment will now be redew

Satellite errors (clock, orbitattitude, and satellite antenna phase centjes

Errors are introduced into the overall GN&SSitioningerror budget from the satellite

segment due to errors in the modellirand estimation2 ¥ G KS & (afd € A G S &
clocks. Due to the trilateration method used to compute posit any error in the

satellite orbits directly propagatento the estimated coordinates. Satellites deviate

from their predicted orbit positions (embedded in the satellite navigatmessage)

due to errors in the tracking data, and 1mmodelled forces such as solar radiation
pressure, tidal field, and infrared radiation from the Ea(@olombo, 1986) GNSS

satellites use atomic clocks for the high accuracy required to establistntieefor a

signal to travel between satellite and receiver.
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Orbit and clock offsets can be estimatBdm global networks ofSNSS stations on
stable platforms The IGS distribute post processed orbits from IG5 Analysis
Centres using a range of independent solutions at a range of accuracies fnomm 25

to 50 mm depending on the temporal latency. Uhrapid, rapid, and final IGS orbit
products are available withinBours, 17hours, and 13lays respectivelyDow et al.,,

2009) All the orbits and clock offsets from the IGS Analysis Centres are of a higher
accuracy than the broadcagiphemeris datain the navigation messagevhich is
around ~10 m and 5 ns, comparéd to ~0.D m and3 ns for ultra-rapid and 0.@5 m

and 0075 ps for final orbits (http://igscb.|pl.nasa.gov/components/prods.html

accessed December 2014)

Currently two IGSAnalysis Centie are providing GPS+GLONASS orbit and clock
products, the European Space Agency (ESA) European Space Operation Centre (ESOC)
and the Russian Federal Space Agency (FKA) Inforpfataigtical Centre (IAC).
Commercial service providers such as Veripos and Falgoooffer GPS+GLONASS

orbit and clock products to their clients, and GMV provide combined orbit and clock
products for their online MagicGNSS ser(iPéizet al., 2009) Furthermore,since

April 2013 the IG8lsoprovidereaktime orbit estimatesand Hadas and Bosy (2014)
comparedthesereaktime orbits to ESA final orbits and found agreement o4&

and 132mm for GPS and GLONASS respectively.

The attitude of a satellite iglsoimportant in order to enable solaadiationpressure
effects to e modelled for orbit determinatioandto correct phase windip. To relate
measurements to the centre of masstbe GNSS satellitKouba, 2009the antenna
phase centreeccentricitymust be known and uncertainties in thesan bethe largest
error. For GPS Il/lIA satellitethe antenna phase centre offses 0.279 m in the %
plane whereasfor GPS IR/ satellitesthisantenna phase centre offset the Xplane
is minimal, therefore the eccentrity error does not exist. However for GPS IIF

satellites there is once again an antenna phase centre offset of 0.394m ¥iplame.
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Atmospheric refraction

The atmosphere refracts incoming GNSS signals, introducing a delay (or advance) to
the GNSS signallThe delay(or advancgcan be considered as separatalues from

the charged ionosphere and the neutral atmosphere. The ionosphere, which is
described in sectio.1, delays the pseudorange and advancesdagier phase. The

error from the ionosphere can be up to 160if not appropriately modelled for single
frequency receivers. For precise applications the combination of the L1 and L2
frequencies allows thdirst order effects of thedelay to be mitigateddue to the
dispersive nature of the ionosphere. The troposphere is neutral anedepersive;
therefore the delay cannot benitigatedwith a combination of frequencies as with the
ionosphere. Due tdropospheric delaybeing a main feature of the research it is

reviewed in further detail in sectioB.1.4

Multipath
Multipath is the consequence of GNSS signals being reflected from surrounding

objects around an antenna, as demonstratedFigure3-1. The consequence of a
reflected signal is anon-direct signal, introducing a ranging error, along with
interference of the phase and amplitude of the sig(@yunet al,, 2002) For signals
reflected fom the groundthe use of an appropriate elevation cut off angled an
antenna ground plane caexclude these erroneous signals. For multipath affected
sites studies havealsolooked at mapping of the multipath environme(Bilich and
Larson,2007)and identifying reflected signalssingthe dual polarisatiorto exclude
erroneous signal¢Groveset al, 2010) However, suchmultipath mapping and the
identification of reflected signals by polarisati@only suitablefor GNSS stations on
stable platformsandthe environmentin which anykinematic GNSS data is collected

has to becarefullyconsidered.
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Obstruction

GNSS
antenna

Figure3-1. Diagram representing multipath scenarios from a) ground or mounting
plate reflection, and b) local environment such as buildings.

Receivelantenna phase centres

The antenna phase centre is the point in theceiverantenna where a signas

received. Thisphase centre is dependent on frequency, elevation and azimuth of the
incoming signal. A receiver dependent antenna phase centre correction model can be
used to match thenstantaneoust Y i Sy y I LIKIFaS OSyidaNB G2 i
centre for each gynal received To enable thisantennas are calibrated with either

robotic or anechoic chamber calibration methg@orreset al., 2006) with the latest

absolute calibration values available from the International GNSS Servicen(l&sS) i
IGSO08.atx filenftp://igsch.jpl.nasa.gov/igscb/station/general/igs08.a&xccessed July

2014).

Geophysical signals
DS2LIKeaAOlrf LINROS&aasSa Ol dza kcgabsoh®i2 Dy Sy i a

considered in GN§#®sitioning and can introduce errors into GN&®rdinatesf the
resulting signals are not modelled. Effects suctodisl Earth tide (SE&hd ocean tide
loading (OTL) caresult in(peakto-peak vertical displacements airound 0 mm
(e.g. Baker1984) and 100mm (Pennaet al, 2008)respectivelywith the magnitude
varying globallyand changing slowly over time (with a dominant period of about 12

hours)
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3.1.4. Refractivity and delay in the troposphere

The nondispersive delay to GNSS radio waves from refraction caused by the neutral
part of the atmosphere is often referred to as the tropospheric delay. This neutral
layer of the atmosphere can reach from the surface of the Earth to a height &m50
(the upper stratosphere). The majority of the delay occurs in the bottdim3Jthe
troposphere) of the atmosphere where the majority of atmospheric gases including
atmosphericwater vapour are found. The resultirigpposphericdelay therefore
refers to the section of atmosphere where the dominant contribution results from,

I £ O K2 dz3 K nettf@alStmas 3 &@R SW I € Q A & LINB F S(Ndsddslie 0 @
et al, 2008) The diagram ifrigure3-2 shows the idealised GNSS signal path along a
geometric straight line (G), and the refracted signal path (S).

Tropopause

Figure3-2. GNSS signal diagram highlighting idealised path (G) and realistic refracted
path (S) through the neutral part of the atmosphere.
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The idalised GNSS signal path along a geometric straight lira(G)e expressed as

(3-1)

Due b the atmosphere not being a vaam, the GNSS signal is refracted and follows
path S. Theirtne for light to travel between two pointsmhich holds true for GNSS
radio waves travelling between satellite and receiver) should be a minimum, and can

be deemed to follow the minimum electrical path length (L)

(3-2)

Wheret¢ is the varying refractive index of the atmosphere.

The additional path delay can be given by combining equat{@y and (3-2) as
outlined inDodsonet al. (1996)

- ‘ ey m (3-3)
v O e p Qi Y O

The first term of equatior{3-3) relates to the larger atmospheric wave speed source
of path delay, while the second terra the consequence of bendinghich is usually

neglected The tropospheric delaw 0 i , £an therefore be defined by

e (3-4)
wol €n € p Qi
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Due to the refractive index of microwave fregncies being close to 1, refractivily

Is used to describe the refraction occurring in the atmosphere.
0 pmeé p (3-5)

When establishing refractivity the atmosphere can be considered to be cosclpois

two ideal gases, dry air and water vap@tiopfield, 1971)
o 0 O (3-6)

The refractivity depends on the densities of dry air and water vapour which can be

defined by the ideal gas law:

N (3-7)

Wherer is the total pressure;Ythe absolute temperatureQthe partial pressure of
water vapour, andY and’Y are the gas constants falry and wet air respectively.

Therefore the total density of air can be represented as

Y Q (3-8)

» AS

Yv P ¥ YY
If the atmosphere is assumed to be in hydrostatic elguiim, the pressure measured

at any height is equal to the weight of air within a vertical column from that height to

the top of the atmosphere. If equatigi3-8) is integrated this leads to

6 0 9 - 0 % (3-9)

n
~ ~

The first term of equatiori3-9) describes the sum of distortions from dry gases under

the influence of an applied electromagnetic (EM) field, $keeond term the distortion
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from water vapour, and the last term the effect of the orientation of the electric
dipoles of water vapour under a fie(mith and Weintraub, 1953)Coefficients used
in the Saastamoinen (1972nd Hopfield (1971)ropospheric modelsare listed in
Table3-1., due to the magnitude of the second term being sntiaé# Hopfieldmodel

omit it.

Table3-1. Refractivity coefficients used in a range of tropospheric models.

Method 0 0 0
(CIEAYATY CR AT O adoi)
Saastamoinen 77.624 12.92 371900
Hopfield 77.607 £0.013 - 374700+3100

The refractivity of the water vapour and dry air in the atmosphere can therefore be

represented by

o N (3-10)
Q —
v v
. n 2 L (3-11)
0 Q ~ Q oV

The ZTD for a vertical column of air at a given height (h}reenefore be obtained

from

o . oy (3-12)
WwYO pm 0 QAQ prm v 'QQQ

with the first term in equation3-12) representing the zenith hydrostatic delay (ZHD)
and the seconddrm the zenith wet delay (ZWD).

It is apparent from equatior{3-12) that ZTD, ZHD, and ZWD can be calculated if
measurements of pressure, temperature and relative humidity (equivalent to partial

pressure of water vapour) are available. If the ideal gas laws are assumed and the
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atmosphere is in staticquilibrium, ZHD can be modeld to millimetre level accuracy

if appropriate surface pressure measurements are recordedlar error in pressure
results in 2.3mm of error in ZHO@Beviset al., 1992). However, the accuracy of
calculating ZWD from local eteorological measurements is poorer due to the
extremely variable nature of partial water vapour pressure with height. The relative
humidity is therefore often set to a mean value, though this can lead to envatis

an error of 5% in relative humiditgsulting in a 12nm ZWD error.

3.1.5. Processing ethods

High precisionstaticGNSS positioning solutions can be computed by proce&hR®S
data from an unknown statiomelative to a knownstation. By differencindhe
observations madet each station the corresponding systematic errors ttaan be
mitigatedto some extent An alternative approach is to model the systematic errors
in GNSS(satellite orbit and clocks, antennaphase centres SET, andOTL), and
parameterise @riable error sources (tropospheric delay) allowing an absgqasion

to be computedor a single station

KinematicGNS$ositioning is more complex than statBNS$ositioning due to not
beingable to assuméhat a position isfixed to a single locatioaver a period of time
Kinematic GNS$®ositioning software usuallyuses a Kalman filter to estimate
parameters with a changing state. Appropriate measurement and system process
models are applied along wistochastic processoiseto represent the behaviour of

the parametric models. The modieg of position and velocity, clock offsets, and
atmospheric delay form the dynamic model which aims to describe how a system will
change over a period of time dependent on a set of obgbles. The recursive
estimation of the curent system statéghen aims to minimie the mean squared errors

from the dynamic modelled predicted state and the current set of observations.

32



3. Kinematic GNSS positioning

3.15.1. RelativeGNSS positioning

If multiple (two or more) receivers are sérving the same satellites they will be
subjected to the same error sources in each solution if the baseline length isastabrt
receivers are at the same altitudén this case bysing two receivers, with onat a

known station and one at an unknown statidhe observations can be differenced

and the common errors removed.

The single baselinéouble-difference solution can bean effective approachfor
relative GNSS positioningp to 10- 20 km where tropospheric and ionospheric
conditions are similar at bothktations Over distances greater than Rfh, or when
one station is at aignifcantly different height to theother station the atmospheric
conditions are different so therrorsdo not cancel out, resulting in a residual error
andthe need fortropospheric parameterisatianThisapproach can be &sl forboth
post-processing analso forreaktime applications, with a radio transmitter required

to broadcast the refeencestationQ & R I (i {timeTigeNiatit JRTK) solutions.

Furthermore, A network approach allows greater distance betweerthe GNSS
stationswhile keeping an accuracy of within 3Bm in heght and 20mm in plan
(Edwardset al, 2010)for RTKsolutionsas patially variable errors are mitigated by
interpolating the errors betweenGNSS stations on stable platforms that form the

network.

Clearly,a limitation of all relative GNSS positioningplutions is the requirement &
known station and the distance betweethe known station and unknown station
being limitedbefore solution accuracies are degraded. Rela@®MNSSpositioning
solutions are therefore not plausible f@8NSSffshore positioning, impractical or
expensive in mountainous and d®s locations, and limited for airborn&SNSS

positioning due to the change tropospheric effects with altitude.
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3. Kinematic GNSS positioning

3.1.5.2. AbsoluteGNSS positioning

AbsoluteGNS$ositioning refers to solution typed K SNBE (G KS dzyl1y26Yy
are not processed rative to a knownstation, but use models and estimation
procedures to mitigate error sources.Absolute code and carrier phas€NSS
positioningis referred to as precise point positioning (PPP) and relies on the accurate
geneiation of satelliteorbit and clock product&Zumbergeet al, 1997) For reatime
applications orbit and clock productan bedisseminated by eithegeostationary

communicationsatellites or internet links.

Forreaktime solutions,PPPrequires carrier phase ambiguities teaveconverged to
either estimated floating points or fixeohteger valus usingambiguity resolution
with the duration depending on satellite visibility geometry, receiver dynamics, and
observation qualityBisnath andsao, 2009 Ambiguityresolutionhas been showto
reduce convergence timand improve positional accurady GPSnly PPRLI and
Zhang, 2014; Paet al., 2014)compared to estimating a float ambiguity vajueith
further improvementdemonstated with the inclusion of GLONASS observations
when fixing GP8mbiguities The combinedGPS+GLONAS&utionsfix ambiguities

for the GPS observables, but due to infeequencybiases from the use of FDMie
GLONAS&mbiguities are kept as float vasi If there is a loss of lock onto satellites
then the solution will have to reinitialise and the convergence period will start again.
However, for postprocessed PPP solutions a baokoother can be applied,

overcoming sucltonvegence problems.

Providedthat satellite orbits and clocks are available a benefit of PPP is the global
coverage it offers as it is not constrainexdbe relative to aknown station However,

for reattime applications PPP convergenaed reconvergencecan bea significant
limitation if working in an environment with a large number of obstructions or
instances of loss of lockA seletion of available PPP softwaigdisplayed inTabke

3-2.
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Tabk 3-2. A review ofa selection ofwvailable PPB 2 T (i ¢ |

NE Qa

GNSS observations Static/Kinematic Institute Online service
GIPSY GPS Static JPL/NASA APPS
Bernese GPS+GLONASS Static Uni. of Berne -
PANDA GPS,GLONASS, Bediou Static Wuhan Uni. -
PPPNCL GPS+GLONASS Static &Kinematic Newcastle Uni. -
NRCAN GPS+GLONASS Static &Kinematic Natural Resources Canada CSRCGPPP
GAPS GPS Static & Kinematic Uni. Of New Brunswick GAPS
CNES GPS+GLONASS Static & Kinematic Centre Nati ol PPRWizard
Spatiale
Magic GPS+GLONASS Static & Kinematic GMV MagicGNSS
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3.2. Estimation of ZTD in GNSS

3.2.1. Static GNSS positionidgD estimation

The estimation of tropospheric delay in relati@NSS positioning was developed and
outlined in papers such agalliet al. (1988) Dixon and Wolf (1990andWolfe and
Gutman (200Q) The estimation of tropospheric delay removed the requireméoits
co-located WVR measurements to mitigat@pospheric effectsn orderto achieve

the highest accuracy positionindn the estimation approachhe dry component of

the delay is modelled with a standard atmospheric model, with any residual dry and

wet delay estimated as a parameter in a esguaresbatch or Kalman filter solution.

The relationship between tropospheric delay and PWV and the potentiadtédic
GNSSelative positioningo be used as meteorological data source was outlined in
Beviset al. (1992) For posfprocessed applications has been shown that it is
possible to derive ZTD to withinldm when compared to WVR or NW{Bocket al.,
2001; Ninget al,, 2012; Teket al,, 2013) and withsuitabke pressure and temperature
measurements ZWD within the same accurady available Agreement between
post-processedPP and radiosonde PWV estimatesdiasbeendemonstratedwith

a mean difference of 1.thm and a standard deviation of 2m@m for 98 IGStations
over an eight year periqaisinginterpolated pressure from nearby synoptic sites, and
temperature from the NCEP/NCAR reanalyg#&nget al., 2007) Geet al. (2002)
showed that radial orbit errors have the greaseeffec on zenith total delay (ZTD)
estimation resulting from biases in the orbital seimiajor axis and eccentricityf-or
example, al m orbit error in the radial direction can resuit a 15mm bias in ZTD,
therefore an orbital accuracy dfetter than0.4m in the radial directionand 1m in
the other orbital componentsis required to retrieve ZTD withinrBm (the accuracy

needed to derive PWV withinrhm) for a network solution.

A key component of GNSS water vapour estimates for meteorological forecasting
purposes is latency. GNSS water vapour estimates for assimilating into NWM rely on

ultra-rapid satellite orbit and clock products, witlany errors in the orbits degrading
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3. Kinematic GNSS positioning

the tropospheric delay estimateRockeret al. (1997)achieved PWV estimates with
2mm from a regionahetwork of 16 GNSS station on stable platfoimtghe USA with
a latency of 30minutes for a 4month campaignvalidated against radiosonde and
WVRmeasurementsDousa (20013alsodemonstrated astandarddeviationof 1.2mm
for the GPS and radiosonde PWYV differeméar four EuropeanGNSS stations on

stable platformgwith three hou latency)

The IGS hasffered tropospheric delay products for its gloledtwork of continuous
GNSS (CGNSS) stasisince 1997.However, he initial delay products were limited
due to inconsistencies between processing strategies between the IGS Analysis
Centres.The IGS tropospheric producilowed a standardised generation procedure
between 2003 to 201las oulined in Byun and Bafever (2009)sing theNational
Aeronautics and Space Administrati®dASA Jet PropulsionLaboratory (JP)L. PPP
software GIPSYvith the accuracy of ZTleingwithin 4 mm with a 4week latency
usingfinal orbits, and &nm with a 3hour latency umg ultrarapid orbits. Since 2011

the IGS tropospheric product has been generateyl the United States Naval
Observatory (USNO) from a PPP solution using the Bernese GPS s(Byvareet

al., 2011) Dousa (2010¢xamined the accuracy shtelliteorbits required to achieve
estimates of ZTD within 1®m from both double-differenceand PPP solutionand
conclude that he radial erro of orbits for PPP has to be within h@m to achieve

10 mm ZTD estimatesHowever, he orbital error can be absorbed by estimates of
the satellite clock and phase ambiguities in R¥ich allows the use of poorer oit
accuraciego still achievean accuracy of 1nm ZTD Dousa and Bennitt (2013)
implemented the delivery of hourly updated global GPS ZTD estimates for NWM
assimilation purposes. The standadéviation between the near redime ZTD
estimates and posprocessed ZTBstimates were between 36 mm and between

5-16mm when compared to a radiosonde dataset.

In recent years the development dfatellite orbit products has allowed the
computation anddelivery of high accuracy retime tropospheric delay for a network

of GNSSstations on stable platforms Lee et al. (2013) demonstrated reatime

21



3. Kinematic GNSS positioning

retrieval of PWV to agree with radiosondiswithin 3.6 mm for a networkof four
GNSS stations andsing IGS ultraapid orbits. For larger netwks though the
computational expense and the lorgaselines for a global network is a liation for
the network double-differenceapproach. Since 2013the delivery of reatime orbits
from the IGS rediime service haallowed PPP tprovide reaitime soluions forGNSS
stations on stable platformsLiet al. (2014)validated a reatime PPP solutionsing
the Earth Parameter and Orldetermination Systeng Real Time (EP@RT software,
using integyer ambiguity fixingthrough comparison o caelocatedWVRand topost
processed GPS estimates for the SAPOS nefwatk PWV agreement of hm and
1 mm respectively.Dousa and Vaclavovic (201asotested 36 globdy distributed
GNSS stations on stable platformsth PPP and IGS reahe orbits and found
standard deviations of 610 mm in ZTD when compared to final orbit solutiorithe
initial results from reatime PPP ZTD estimatioinom GNSS stations on stable
platforms (enabled from high quality orbits) havberefore been highly promising,
with the accuracy of the results close to thenin PWV required foNWM forecasting

as outlined by the World Eteorological Organisation

3.2.2. Kinematic GNS#®sitioningZTD estimation

Besides the densification afetworks of groundbased GNSSstations on stable
platforms, another option to widen the availability of ZWD data is to use GN&Sns

on moving platforms. Such platforms¢lude ships, aircraft and trains, or dedicated
devicestasked with the collection of atmospheric data, suchbasys orunmanned
aerial vehicles. Anoving platform approachwould allow data collection where
installing multiple meteoralgical sites is not practical, e.g. deep oceanic areas and
deserts. Airbornglatforms during ascent and descent from an airport calsboffer
additional vertical profiling constraints for high resolutidivwMsaimed at deliverig

mesoscale and microscale meteorology.

The possibility of estimating ZWD fronG&SS station on a moviptatform was first

explored around a decade aftés use for GNSS stations on stable platfomas first
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3. Kinematic GNSS positioning

introduced byBeviset al. (1992) Kinematic GNS$ositioningmust deal with the
dynamics othe moving platform and being unable to constrain the position solution
to a single locatiorover a period of timereduces redundancy in the systemand
therefore tends to worsen the accuracy of the estimated ZWBelative GNSS
positioningd 2 f dziA2ya 6SNB FTANBRG SELREGNRR,6AGK
1995) whereby the ZTD at theNSS station on a stable platforsrsomehow known
and fixed, and the difference in ZTD betwahis GNSS staticgnda GNSS station on
a moving platforms then estimated.Dodsonet al.(2001)considered a GPS unit on a
moored boat, and used a levered approach over a shaseline of ~20@n to obtain

an agreement of 2 2 mm in ZTD.Chadwell and Bock (200G¥ed a GPS buoyk#n
from a reference station, processed with a network equivalent dowlifierenced
ambiguityfixed solution, obtaining an agreement of Inftm PWV wih radiosonde
launches &m away. Kealyet al. (2012)found agreement in PWV of 2r@m for the
levered approach from a 1@ay shipborne experiment around Hawaii with baseline

lengths up to 12&m, but often shorter.

An alternative approach to a relative GN&SSitioningsolution is tle use ofabsolute

GNSS positioning d?PP. Rockenet al. (2005) used a posprocessed threestep
iterative kinematic PPP solution to analyse a two week long GPS dataset collected on
a Caribbean cruise, and found RMS errors for PWV ominSand 2.8mm when
compared with orboard radiosonde launches and WVRs respectivElyjitaet al.
(2008)found a nighitime agreement of 2.3nm PWV for GPS and radiosondes over a
two month period on a cruise shiBonifaceet al. (2012)compared four months of
shipborneGPS PWYV estimates from an RTnet PPP solution to MODIS and the ALADIN
10 km NWM, with an RMS agreement of 3rtBn and 1.4mm respectively.Skoneet

al. (2006)explored the use of an airborne platform in the collection of PWV from a
reattime GPSnly PPP dution. GPS ZWD was collected from a singlenirtute
upwards trajectory covering ~5500 of height change. The GPS estimates were
O2YLI NBR (2 %25 SEGNIOGSR FTNRY ((G(KS [ty
Environmental Multiscale model, with agreementtween methods of 16 20 mm

ZWD.
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3. Kinematic GNSS positioning

3.3. Previous studies validating kinemaahSpositioning

Subdecimetre GNSSpositional accuracy foGNSS stations on movimgatforms
enables direct georeferencing in photogrammetry and LIDAR applicgt8kadoud,
2002) calibration of altimetry instrumentgCretaux et al, 2011) and GNSS
meteorology(Rockenret al., 2005) However,validating kinematic GNS&#sitioning
solutions is complicated due to the lack of a reference to compare against. It is
common in stidies of kinematic GNSS positiegquality to validate solutions against
staticGNSS positioningllowing the optimal performance of the processing technique
to be assessed.However,testingat GNSS stations on stable ptatihs lacks the
dynamics experienced by@NSS station on a moving platfoamd does not represent
the conditions thatsuch a statiorwill be subjected to. Testing GNf&sitioning
solutions against other GN$8sitioning solutions such as absolute against relative
GNSS positionirgplutions canalsoresult in systematic errors in both solutions being

masked.

Landau (198%ound an RMS position agreement of 20n for dual frequency carrier
phase and code measurementsth a double-differencepositioningsolution over a

6 km baseline. The validation method consisted of comparing solution coordinates at
sevenGNSS stations on stable platformger a 3km trajectory thatwere occupied at
different times over one hour. Chen (1998)developed thekinematic double-
difference positioning GPS softwarelrack for postprocessing of GP&nd found
agreement between trajectories of an aircraft of 8on in height while on the runway
after a flight. A GPS and laser altimeter dataset was also collected over a lake and the
derived height of the lake was compared from five overpass flights to a tide gauge
derived lake surface height with an RMS scatte2®imm. Han and Rizos (2000)
compared solutions for two airborne datasets with baselines less thankr©@nd
found a relative precision of 26hm from comparing two solutions for the same
antenna. A second airborne experiment was carried out to asseseftbet of
multipath on the solutions and used two antennas on the aircraft and compared the
derived distance between the antennas. The computed difference between the

receivers was found to vary by Qriand interpreted as an error from multipath. It is
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3. Kirematic GNSS positioning

likely the solutions were being affected by multipath along with other unmitigated
errors associated with long baseline GNSS. LIDAR data was collected on the dual
antenna test to measure sea level as a form of control on the GPS solutions. The
derived ®a level height varies by ~0md and is likely to be from noise in the LIDAR

data, multipath, and unmitigated tropospheric delay.

¢tKS {dFrGA2y RQ9UdzRS RS& { &am 6vdiSwnorilS [ 2O
described inBetaille (2003)was used to estaldh a reference trajectory by
establishing reference control on the trajectory from static @BStioning solutions

Fairhurst (2007)then tested an integrated GPS and INS system on the SESSYL
reference trajectory and found centimetre levelaxfcuracy from a short baseline (less

than 100m) double-difference positioningsolution, and found the INS allowed the

system to maintain the accuracy of the original estimate fors2onds when GPS

observations were interrupted.

For kirematic GNS$ositioning ofmoving platformghe relianceon a knownstation

in relative GNSS positionirig a limitation due to the increase in error with the
increase in distance fromme knownstation. For applicationsiiremote areas &NSS
station on a stable platforntannot always be establishedPPP is arabsolute
positioningtechniquethat has enabled high precision positioning in oceanic, desert,
and mountainous areas where establishiGNSS stations on stable platfornss
problematic. Gao and Shen (2004¢sted kinematic PPP solutions on a land and
airborne platform and found RMS agreement betwesvsolute and relativéa5NSS
positioningsolutions of within 10 mm. The baselines of the trajectories were kept
within 10km in plan and 250n in height and the solution was computed with real
time satellite orbit and clock products. Colomboet al. (2004) found a 3D RMS
agreement of 55nm betweena postprocesseckinematicPPP andouble-difference
positioningsolution for a land based vehicleeandrcet al. (2006)usedthe University

of New Brunswick GPS data analysis and positioning software (BAB®gate a
kinematic PPP solutionand compare this to a multiple known station double-

differencepositioningsolution for an 8&km boat journey with RMS values in height of
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139 mm. Flight, vehicle, and walking trajectories were collected and three (GAPS,
NRCan, and MagicGNSSBlIjree PPP software packages in kinematic mode were tested
by Martin et al. (2012) Of the online PPP solutions tesiddagicGNSS offered the
optimal result with the smallest mean bias of 8Im in height. A posprocessed
kinematic PPP solution for a lowilying (below 300m) long range (up to 80@m)
airborne dataset was compared to a commercadubledifference positioning
solution and satellite altimetry byhang and Forsberg (200Aith GPS heights
transferred to sea level by an éoard LIDAR. THenematicPPP solution agreed to

the kinematic double-difference positioning solution with a standard deviation of
110mm and the altimetry data with a standard deviation of 30@n asthe use of
non-specialised kinent&e GNSS positioningoftware for long baselines without
features such as tropospheric estimation introduces uncertainties in the accuracy of
the reference trajectory Marreiroset al. (2013)validated a shipborn&inematicPPP
solution aganst akinematicdouble-difference positioningsolution with a standard
deviation of 100mm, and a mean difference e10 mm. Sea surface measurements
from kinematicPPP weralsocompared to altimetry data from the Envisat aradn

1 satellite and showed a standard deviation agreement ofn@@ and 130mm

respectively.

Another development in kinematic GN$®sitioninghas been the incorporation of
GPS and GLONASS observationgoving platforms can experience changing
environments with obstructed sky views; reduced satellite numbers is a major issue in
kinematicGNS$ositioning. Maintaining lock on satellites is important for reae
kinematicPPP due to the initialisation period for solutions to converge. Theyatoili

use multiple GNSS observations increases the potential of receiving satellite signals

and offers redundancy in a solution.

The use of combined GNSS signals in kinerR&tisolutions testedat GNSS stations
on stable platform$iave notseen a significant improvement goordinateaccuracy
from the addition of GLONASS observations, but have seen an improvement in the

convergence timgHesselbarth and Wanninger, 2008; Li and Zhang, 20Régently
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there have been a number ¢ésts of GPS+GLONA&®maticPPP solutiog) but so

far the validation techniques hawenly tested small sample dataset¥jgrsviket al.
(2009)undertook a 16day ferry experiment during 2006 in a Norwegian fjord with a
trajectory of 1.5km comp@ringkinematicGPSonly and GPS+GLONA@®&maticPPP
solutions to akinematic double-difference positioning solution with standard
deviations of 10@nm and 103nm respectively in heightdowever GLONASS was not
at FOC and orbit and clock prodsievere not available at a high rate in 200@artin
(2013) demonstrated a reduction in convergence time from kinematic
GPS+GLONA®®Psolution in realtime mode with ESA final orbits and clocks. A
similar total position error RMS of 30m was founddr convergedkinematicGPSonly

and GPS+GLONASS PPP solutions when comparddnienaticdouble-difference
positioningsolution for a two hour shipborne dataset with a baseline not exceeding
2.5 km. Anquelaet al. (2013)tested postprocessedkinematicGPS+GLONASS and
GPSonly PPPsolutions from MagicGNSS with a car based trajectmmged on
kinematicdouble-differencepositioningwith a maximum distance of km fromthe
knownstation. A reduction in the standarcediation for thekinematicGPS+GLONASS
PPPsolution in the height component was found, though the RMS increa€ailand
Gao (2013) found a reduction in convergence time for a kinerdtisolution tested

at GNSS stations on stable platformvith the inclusion of GLONAS&d found an
improvement in each positional component with the inclusion of GLONASS when only
a fewGPS satellites wemvailable duringa two hour vehicle test. Chat al. (2013)
found an improvemat from GPS+GLONA&S a postprocessedkinematic PPP
solution for an airborne data set when compared to akinematic GPSonly PPP
solution, when validated against a reference trajectory fromkiaematic double-
difference positioning solution. The converged GPS+GLONASS positional accuracy
offered an improvement on the&inematic GPSonly PPPsolution with standard
deviations of 45mm and 53mm respectively, and a reduction in the convergence

time.
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3.4. Summary

The estimation of troposphér delay (and derived PWV) from GNf8Sitioninghas
become an importanatmosphericwater vapour data source, with a positive impact
demonstrated from assimilation into NWM and calibrating alternative PWV
techniques. The impact of global retiine GNS®stimatesof PW\Vis putting further
relevance onto the collection method. The collection of PWV from kinern&itig§S
positioning on movinglatforms, including aircraft, offers the possibility of retrieval in
currently data sparse areas where groubased GNSStationson stable platforms
cannot be established, and vertical profiling of the atmosphere at a high temporal

accuracy.

The estimation and consequent mitigation of the tropospheric delayatssallowed

an improvement in kinematiGNS$ositioning. Previous studies validating kinematic
GNSSositioning solutionshave relied on comparisons to othetatic or kinematic
GNSSositioning solutionsvalidating solutions posdtajectory to GNSS stations on
stable platformsor using LIDAR and tide gauge dat@wever, ample datasets have

often only been for a few hours and consisted of a low number of trajectories.
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A dataset was required to investigate the mitigatenmd sensing of tropospheric delay
in kinematic GNSfositioningover a range of altitudes to accomplish the aim of this
research. A test scenario with the ability to establish a referanajectory, and
referencetropospheric delay profiles, wamramount to allow the objectives outlined

in Chapterl to be achieved.

A kinematic GNSS data set was required that would experience a variation in altitude
(~1km or greater) to simulate an airborne trajectory. For redundancy purposes the
data set was dsired to provide a repeatable trajectory over a period of several
months to experience a range of atmospheric conditions. The location of the dataset
also required theinstallation ofGNSStations on stable platformand meteorological
sensorsat the extremities of the trajectory to establish reference tropospheric delay
values. This chapter describes the selection and collection of the dataset, and the
establishment of reference coordinates for tENSS stations on both the stable and
moving platforms The establishment of reference tropospheric delay values will be

describedseparatelyin Chapter 5.

4.1. Observational data set

4.1.1. Snowdon Mountain Railway

A train and railway was soughb testablish the experiment, allowing repeated
trajectories to be collected. Rail based platforms have been used in previous
kinematic GNSSositioning studies to acquire repeated data séEairhurst, 2007;
Jakobsen and Pedersen, 200%owever, hese dtasets involved minimal height
change, with coordinate variations predominantly in plaWhereas, in this research
atest scenario was required &nable the collection od kinematic data set that varied

in height, and sampled through a largec8en of thetroposphere
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4. Experimental design

The Snowdon Mountain Railway (SMR) was chosen as a suitable test site. SMR is
situated in Snowdonia National Park, North Wales, Eifufe4-1), and is a tourist
railway taking customrs to the summit of the highest mountain in WaleBhe SMR

had the potential toprovide a moving platform that experiences a large height
difference (from 115m to 1065m above mean sea level), acduld dso providea

train cariage forthe GNSStation on a moving platformm The low starting altitude of

the railwaywould allow profiling of the lower part of the troposphere where ZTD is at

its greatest, and most of the atmospheric water vapour is contaiaed he multiple

repeat trajectories per dayould ensurea large number of repeatable trajectories

could be collected over the fieldwork campaign.

Figure4-1. Location of SMRmarked with a green bgxn comparison to the rest
of the UK. OS CGNSS statiom® displayed (triangle markers), with tstations
used in the project highlighted ed.

The railway starts at Llanberis, North Wales (SNLB), at a height om-abbve sea
level and reaches a height of ~108bnear the summit (SNSU) of the mountais
shown inFigure4-2 andFigure4-3. From the start to the end of the railway is roughly

6 km in plan. The train travels at an average speed ofies? and never exceeds a
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maximum speed of 3./h st due to an automated safety braking system used on the
carriage. A journeyrothe train involves three stops on every ascent or descent at
designated passing places, allowing multiple trains to use the railway at one time. The
railway follows a single track apart from at the embarking and disembarking platforms
at the termini ofthe railway, and at the passing places where the track splits into two
sections. The train is stationary for roughlyrBhutes at the summiterminusand

for a varying time span at the Llanbetgsminusdepending on the operating railway

schedule.
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Hebron
53°06'
Halfway.
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s
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53'03'
—4°12' —4°09' —4°06' —4°03' —4°00'

Figure4-2. Location of theGNSS stations on stable platformsLla&nberis (SNLB,
altitude 115m) and Snowdon summit (SNSU, alligu1065m), the ~6km trajectory

of the SMR (thick black line), and the railway passing places (green circles) displayed
on a topographic plot of the area.
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Figure4-3. Height profile of the SMR trajecto(ilack lineplotted in a local Cartesian
coordinate systenagainst Northingtop pane) and Eastingpfver pane). The railway
termini SNLB and SNSke(d triangle$, and the railway passing places (green circles)
are also included.

GNSStations on stable platformeere established at the extremities of the railway

at the LlanberiserminusSNLBKigure4-4) on the roof of the SMR office building, and

at the summitterminusSNSURigure4-5) on an SMR equipment pole. A GNS&tion

on a moving platform was then created by usingaatennamounted on the roof of

an SMR carriage (SNTR) as can be seen highlighted (circled in Fegl)red-6. The
location of SMR in relation to nearl®yrdnance SurveyQS CGNSS statioran be

seen in inFigure4-1, with the height and distance between th&sNSS stationSNLB

and SNS@nd the OS CGNSS statidisplayed inTable4-1. TheOS CGNSS stations
were included as they allow testing of relative kinemaB&lSS positioningplutions

over baselines that are representative of distances experienced in airborne GNSS

campaigns within the UK.
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Figured4-4. GNSStation on a stable platfornfiSNLBwith Leica AS10 GNSS antenna
and colocated Met4 sensor.

Figure4-5. GNSStation on a stable platfornfiSNSYwith Leica AS10 GNSS antenna
and colocated Met4 sensor.
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Figure4-6. GNSStation on a stable platforniSNTRwith Leica AS10 GNSS antenna
mounted ontoan SMR carriage, shown at the Llanb&isninus(where GNSStation
SNLB is also located).

Table4-1. Distances betweerGNS stationsSNLB and SNSU and surrounding OS
OGNSStations and the orthometric heights of the GE35NSS stations

Distance to SNLBkm) Distance to SNSkm) Height (m)
ASAP 45.3 44.8 50
ADAR 554 54.4 94
HOLY 41.5 46.9 13
MACY 61.4 55.5 22

4.1.2. Instrumentation

The GNSS station on a moving platform (SNTRawaga GS10 GNSS receiver with
an AS10 antennanounted onthe roof of the carriage Dual frequency GPS and
GLONASS code (C/A code on the L1 band, amudeé2ao the L2 band) and phase data
was recorded at 18iz. A Paroscientific Model 745 pressure unit with a manufacturer
stated (Paroscientific, 2009pstrument accuracy of +0.08bar was installed in the

carriage, recording pressure measurements every mwoutes.
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TheGNSS stations on stable platfor(8NLB and SN&hch consisted of beicaGS10
GNSS receiver with an AS10 antewi¢gh dual frequency GPS and@NASS code and
phase dataecorded at 1Hz ParoscientifiMet4 pressure and temperature sensors
were cclocated with the GNSS stations on stable platformsunted 0.1 m below

the GNSS antenndressure and temperature were logged every five minutes with a
manufacturer stated(Paroscientific, 2011linstrument accuracy of +0.08nbar and
+0.5°C respectively. Short data gaps in both GNSS and the meteorology time series
occurred when manually downloading the data on day of year (DOY) 241, 253, 268,
and 280 for roughly 30ninutes at each site.

4.1.3. Data period

Data wa collected over 5@ays between 28 August and 18 October 2011 (day of

year 240 to 289)Data for the GNSS station on a moving platform (SNTR) was collected
between 0600 and 1900 UTC fotagal of 87 returntrips to the summit(equating to
174trajectorieg, and 23 return trips toan altitude of 500m when the train did not
reachthe summit (equating to a further 46 trajectoriegs he train, and therefore

the dataset, wasometimes restricted by weather conditionsFor exampleif wind
speeds exceeded 40LIK G KSy (KS (NI Ay Ranygyemaniyage o1 3
up the mountain, or the serviceiastotally stopped with trains not departing fro
Llanberigerminusat all, as occurred on day of year 255. A logging ealsomeant

that no data was available from SNTR between day of year 271 and 280. Data was
collected continually for th&NSS stations on stable platfornsNLB ath SNSPwith

an automated restart each day at 22:50 UTC, when the instruments were

automatically powered down for 1@inutes to rectify potential logging problems.

4.2. Referene coordinates for the GNSS stations on stable platform
Referencecoordinates for theCGNSStationson stable platformgSNLB and SNyU

were established for use in relati@NSPositioning determinationof the reference

trajectoryfor the CGNSS station on a moving platform (Sldm&jesting of empirical
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tropospheric models, providing a control dataget the testing ofkinematicGNSS
positioningsolutions, and establishing reference ZTD tseees. GPS data from the
50 day experimental window was processednyNigel Penna using the NASRL
GIPSY 6.1.2 scientific softwat@ produce a static PPP solution asts of daily
coordinates. ZTDs were estimated at five nénintervals using established GIPSY
processing optiongWilliams and Penna, 201ahd are described further igection
5.2. OTldisplacement were corrected using SPQYgnew, 1997and FES2004.yard

et al, 2006)models SET werenodelled according taghe IERS Conventions 2010
(McCarthy and Luzum, 201@&nd antenna phase centres modelled followBchmid

et al. (2007) Ambiguities wee fixedaccording taBertiger et al (2010) Reprocessed

final ESAatelliteorbit and clock products were held fixed.

The detrended coordinate time series, in the IGS08 reference frame, for SNLB and
SNSU are shown Figure4-7. It can be seen that the coordinates véirgm day to

day by £10 mm in plan and 20 mm inheight 6 A § K (G KS O22NRAY Il (S
standard deviations listed ihable4-2. The standard deviations suggest that tdaly
coordinates aref a high quality anthat SNLB and SN&t&y be used with confidence
asknown stations for the determination of theeferencetrajectory of the trainby

relative GNSS positioningThe multipath effect was assessed 8ga A y3 G KS Wi
software (Estey and Meertens, 1999) generatedaily RMSMP1 and MR valuedor

SNLB and SNS&$ can be seen irigure4-8. Thelarger MP1 and MP2alues atSNLB

compared to SNS&re consisent with the greaterscatterin the coordinatdime series
experienced at SNLB'he final coordinates were determined as the weighted mean

of all daily coordinate estimates obtained for the 50 day period.
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Figure 4-7. Detrended coordinate time series from daily GIPSY PPP coordinate
estimates for SNLB (red) and SNSU (blue)

Table4-2. Dayto-day coordinate repeatability (standard deviations) for the 50 day
time series from the GIPSYatic PPPsolutionsfor SNLB and SNSWII quantities are
expressed in mm.

SNLB SNSU
E N U E N U
GIPSY 3.5 3.5 8.2 2.9 5.0 5.6
SNLB SNSU
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Figure4-8. Daiy MP1 (blue) and MP2 (redjultipath valuesfor SNLEleft) and SNSU

(right).
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4.3. Reference trajectory

A large number of trajectories were collected over the 50 day persd8NITR ascended
and descended SMR. A range of atmospheric conditions, satellite numbers, and
satellite geometries were experienced at the test site, resulting in a variation in the
solution quality at SNTR. By collecting a large sample size and adagingdle-
differencepositioningsolution relative tahe known stationst the extremities of the
trajectory, the random and systematic errors experienced at SNTR can be mitigated
by calculating an average reference trajecto&yminimum distance cubic spline was
used to generate a reference trajectory through the mbhliseline relative solutions

for the trajectories collected over the 50 day data campaign.

4.3.1. Reference trajectonRelativeGPS positioning solutien

Doubledifference positioningsolutions were computed forthe GNSS stations on a
moving platform(SNTRdza Ay 3 alL ¢ Q& D! alL ¢k D[ h. Chen2 Rdzt S
1998; Herringet al, 2010) Data was processed relative to the establisl&dSS
stations on thestable platforms(SNLB and SNgUbcated at the extremities of the
railway, at a one second interval. IGS fisatellite orbits were held fixed, the
tropospheric delay was estimated, using the GMF mapping iom¢Boehmet al,,
2006a)with a cut off elevation angle of 10°. The default value of relative humidity in

the GMF was altered from 0 to 0.5, similar to an update available in Track version 1.27.
An initial uncertainty of 20n was set for each coordinammponent and a process

noise of 4n s%°. Track currently does not support GLONASS data, so only the GPS (L1
and L2 carrier phase, and P1 and P2 pseudorange) observables were used. The L1 and
L2 carrier phase signals were combined linearly to mitigdteorder ionospheric

effects, and doublalifference carrier phase ambiguities were resolved to integer
values using a widne linear combination. SNTR was processed relative to both
SNLB and SNSU to minimise the baseline length, and to minimise shriale

systematic error from variations in altitude.
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4.3.2. Reference trajectory: Computation

To acquire a reference trajectory a line of best fit was fitted through the coordinates
attained from thedouble-differencepositioningsolutiors relativeto both SNLB and
SNSUasdetailed in sectiomt.3.1 A line of fit was required for a data set that was
obtained at a varying spatial distribution (dependent on the velocity of SNTR), and at
varying points along the trajectoryA line of best fit was obtained by fitting a least
squares minimum distance cubic spline through the trajectories collected over the 50

day period.

Before the spline was fitted the data was filtered: points with formal errors greater
than 0.5m were iniially removed. Data was also removed when SNTR was moving
slower than 0.1m s?, as ifall the trajectory data were includetthe periods that SNTR
was stationary would result in high density of points and could skew the spline. The
spline was fittel through the data in a local (topocentric) cartesian coordinate frame,
and to allow the spline to be fitted the coordinates of the trajectory had to be a
function of monotonically increasing Northing values. Therefore the Northing and
Easting coordinatealues were rotated by 80 degrees. Due to the gradient of the
railway from SNLB to SNSU being positive (carriage wheels are not connected to the
engines; they rely on gravity for carriages to roll down the railway and use the engine
a4 | Wo dzY thi®entireddofith® trackit 2 Ndly the plan coordinates that need

rotating.

Fitting a spline to form a reference trajectory relies on the assumption that there is a
single trajectory being taken Due to passing places, and embarking ahghting
platforms, SNTR can take multiple routes. To overcome this, eachvaaitientified
manually and splinewsere fitted for the corresponding railway sections at the passing
places andermini. At the Llanberigerminithere isalsoan alternative railway section
used for carriage maintenance and storagand he runs that experienced these

deviations have been excluded from the spline fitting data detthis respectthe
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excluded trajectoriesvereas fdlows: 243a, 244a, 245a, 248a, 252f, 253b, 254c, 254d,

264a (where letters represent the trajectory of the day).

¢KS Odzo A O a&aLX ksA@® TaG (A viT | odzaGiivivdy oW & dza S
minimum distance cubic spline. The spline is fittedwo dimensional planes in

Northing and Easting, and then Northing and height for the same set of points. The
spline points are output at the same Northing values for both spline planes. The two
planes are then joined together at the corresponding tRorg value to provide a

spline representing a series of 3D coordinates.

For the sections between the passing places terthini, all the data points that
passed the filtering criteria detailed in the previous paragraph were included. At the
passng places andermini, splines were formed from the identified trajectories of
SNTR. A consequence of splitting the trajectory into sections is that the separation
between adjoining spline coordinates is minimised, and the shape of the trajectory
sections is less complex (fewer curves). The Matlab spline function only fits a 1000
knots per spline segmentherefore the distancebetween knotshas to be small
enough to represent the railway with a linear function between knots to allow the
differencing technique outlined in Section 4.3.3 to be used (average distance between
spline knots of 0.9n). The number of points, height range and length of each spline

section are displayed ihable4-3.
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Table4-3. Number of data points, height range, and distance of sections of railway
track used to form overall splines for representing the begskfierencetrajectory.

Number of points aH (m) Distance (m)
Llanberis L 6932 31.325 590.067
Llanberis R 11437 31.486 591.487
Llanberis to Hebron 79467 166.046 1966.454
Hebron L 19837 64.106 644.706
Hebron R 22518 64.113 662.057
Hebron to halfway a 89504 140.316 1763.724
Hebron to halfway b 20144 40.996 361.960
Hebron to halfway ¢ 29193 59.490 544,514
Halfway L 24717 86.372 839.460
Halfway R 27289 86.385 838.736
Halfway to Clogwyn a 44506 95.390 811.677
Halfway to Clogwyn b 17203 41.535 311.166
Halfway to Clagwyn ¢ 51756 126.286 927.465
Clogwyn L 10562 56.774 504.125
Clogwyn R 18157 57.308 503.429
Clogwyn to Summit a 49468 137.571 1096.295
Clogwyn to Summit b 74678 174.149 1539.120
Summit L 5580 42.383 296.778
Summit R 12941 42.496 294,110

The spline ectionswerejoined to form a set of continuous splines by splicing them at
the midpoint of the overlapping sections between adjoining splines. The locations of
the adjoining spline sections are displayed kigure 4-9, with a schematic

representation of the railway and the spline sections displaydeigare4-10.
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Figure4-9. Locaions of the adjoining spline points (yellow circles) for te&erence

trajectory.
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8¢9 Halfway to Clogwyn b
9¢10 Halfway to Clogwyn c
11¢12 Clogwyn to Summit a
12¢13 Clogwyn to Summit b

Figure4-10. Schematic plot of the SMKth the spline sections at the passing places
andtermini labelled and the adjoining points of the splines denoted by yellow circles
and numbered to correspond to their location Kigure4-9. The spline sections
between thetermini and passing places with respect to the adjoining spline points are
listed below the schematic.

Therewere 32 overall spline combinations in total duettee two termini and three
passing places on the railway. An iterative approaelsused to smooth the spline
from any erroneous points in the data setith each data pointcompared to the
spline If the distance to the closest ot on the spline is greater than one metre it is
deemed an outlieand excluded from the datase8098 points were removed to leave
a dataset of 564578 The spline proceswasthen repeated on the filtered dataset.
An example of the spline with the kated train positions in the Northing and Easting
plane for the entiraeferencetrajectory, and with a zoomed in sectigs displayed in
Figured-11.
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Figured4-11. Collated discrete SNTR positions (green crosses) from the filtered dataset
for the trajectories collected between DOY 2289, and the fitted spline plotted in a
local coordinate systemThe entie referencetrajectory is displayed on the left pane,
and a zoomed in section (identified by the blue cross) on the right pane.

4.3.3. Reference trajectory: Goodness of fit

To validate the use of the spline described in sect#f.2 the GP&derived
coordinatesthat the spline was fitted through were compared with the resulting
reference trajectory. The point on the reference trajectory to compare a GPS point to

is defined as the minimum 3D distancatiwan example shown iRigure4-12.
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Figure4-12. Diagram representing the method to determine the shortest dis&n
betweenGP&derived positionC, and the closest point (D) on the spline.

The methodusedto compare a GNS&erived position(point C) to the reference

trajectorywasas follows:

|.  Definethe nearest spline knot point by imimum distance (point A).
[l.  Select the 2nd closest spline knot point (point B).

[Il.  Calculatethe point on the spline (point Ddetween the two identified spline knot
points (pointA and Bclosest to the GR8erived posiion (point C)

Therefore the known coordinates of A, B, and C are defined as:

~ ~

A= o hohy B = hohy C=whohx

Where point D can be defined as:

0 b 070656 (4-1)

and calculated using the geometric relationships outlined below
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The dot product of orthogonal vectors is equal to zero:
6 0OFEO 0 m (4-2)
Or
0 OO0 O T (4-3)
Substituting equatior§4-1) into equation(4-3) leads to:
OOFZO 0000 ™ (4-4)

And rearranging equatio(@-4) via the following steps:

BOED 6 O0O0OGESO T (4-5)
0B 6RO 6 B OED 6 (4-6)
o b GED 6T 6 GED 6 (@7)

Leads to the coordetes of D being calculated by:

O 0 OOKFO Qo OFO 06200 (4-8)

WhereEdenotes the dot product.

IV. Calculate the difference betwedhe GNSSlerived positionpoint C)andthe
interpolated spline point (point D).

60 0 & (4-9)
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To test the assumption that the trajectory can be represented by a straight line
between the spline knotghe difference in height and plan for each sgliknot was
computed as a straight line fitted between the adjoining spline knots. The RMS,
median, 3" and 95" centiles of the differences in height are giverTable4-4 and the
differences displayed against thelise height inFigure4-13. The majority of the
points are within 2nm of the straight line in height and in plan, with RMS values of
0.9mm and 0.4mm respectively. The assumption that a straight line can represent
the trajectoly between spline knots is bad on the noise of kinematic GNSS
positioningbeingat least an order of magnitudgreater than the differences fronhe

straight line.

Table4-4. RMS, median,'Scentile, and 9% centile of the differences in height and
in plan between spline knots and the straight line linking the adjoining spline knots.
All quantities are expressed in mm

RMS Median 5% centile 95" centile
Height 0.9 0.0 -1.4 1.4
Plan 0.4 0.1 0.2 0.6
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Figure4-13. Difference in height (top panel) and plan (lower panel) for spline knots
comparedto the closest point to the linear fit between the adjoining spline knots.
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The dataset that the spline was fitted through could then be compared to the spline.
The RMS, standard deviatioand median differences along with the interquartile
range of the3D minimum distances of each spline section are display@alite4-5.

The higher RMS and median difference values at Llanberis and between Llanberis and
Hebron sectiongs a result of the railway track in these seasdaving poorer satellite
coverage and more multipath due to tree coverage and the proximity of buildings and
equipment to the railway track. Excluding the sections Llanberis (L and R) and
Llanberis to Hebron, the median and standard deviation of theamum 3D distance

to the spline ranges between 0.03% and 0.041m, and 0.083m and 0.117m
respectively. Error bars of the Easting and height differences for each section are
displayed inFigure4-14. The greater rang between the % and 95" centile for the

height component compared to Easting is expected due to the high accuracy of GNSS
positioning in plan compared to height. Due to the large numberedérence
trajectories collected during a range of atmospheanditions and satellite geometry
configurations, random errors from the GPS solutishsuldbe averaged tagjive a

singlereference trajectoryfor later analysis
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Table4-5. RMS, standard deviation, mediar! Bentile, and 9% centile of the
minimum 3D distance (in metres) between GRBived positionsand the reference
trajectory.

RMS STD Median Shcentile 95" centile
Llanberis L 0.465 0.288 0.261 0.047 0.898
Llanberis R 0.454 0.325 0.186 0.021 0.947
Llanberis to Hebron 0.323 0.260 0.066 0.010 0.764
Hebron L 0.114 0.097 0.033 0.009 0.185
Hebron R 0.103 0.085 0.032 0.007 0.225
Hebron to halfway a 0.105 0.088 0.032 0.008 0.192
Hebron to halfway b 0.115 0.097 0.035 0.008 0.185
Hebron to halfway ¢ 0.114 0.095 0.035 0.008 0.226
Halfway L 0.122 0.103 0.037 0.009 0.287
Halfway R 0.102 0.084 0.033 0.008 0.207
Halfway to Clogwyn a 0.111 0.094 0.034 0.008 0.223
Halfway to Cbgwyn b 0.123 0.106 0.036 0.009 0.217
Halfway to Clogwyn ¢ 0.117 0.100 0.033 0.008 0.245
Clogwyn L 0.123 0.108 0.032 0.008 0.161
Clogwyn R 0.114 0.095 0.034 0.008 0.280
Clogwyn to Summit a 0.129 0.110 0.036 0.009 0.252
Clogwyn to Summit b 0.123 0.105 0.036 0.009 0.241
Summit L 0.135 0.117 0.032 0.008 0.380
Summit R 0.106 0.083 0.041 0.009 0.177
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Figured4-14. Height (top pane, blue line) and Eagt{tower pane, red line) of the SMR,
with median error bars of the height and pladifferencesfor the spline section
between GP$lerived positionsand the reference trajectory on the rigiiand scales.

Tails of the error bars defindé¢ 5" and 95" centile. Spline sections fitted to the left

hand passing places (when travelling uphill) are included on the left panes and passing
places to the right (when travelling uphill) on the right panes.
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4.4. Summary

A suitablemovingplatform was identified and utilised to obtain a unique dataset to
assess the mitigation and sensing of tropospheric delay from kinematic GNSS
positioningover a range of altitudes. The collectedddy dataset included over 200
trajectories through the loweratmosphere, providing a suitable dataset for a
reference trajectory to be established from, a large sample size of trajectories and
profiles to be assessed, and a range of atmospheric conditions to be experienced. The
location of SMR also meant referenitepospheric delay values could be established

at the maximum and minimum heights of the atmospheric profile.

Absolute GNSS positioning wamployed to provide high accuradgPSderived
coordinates and reference traygpheric delay values (that will be described in further
detail in Chapter 5) for th&sNSS stations on stable platforms (SNLB and SNSU)
Relative GNSS positioning was then used wafarence to the two GNSS stations on
stable platformssituated at the extremities of thirajectory of the GNSS station on a
moving platform (SNTRWith the averageGP&derivedposition computed from the
resulting trajectoriesand a splineused toprovide asinglereference trajectory. The
reference trajectory will be used to assess tropospheric mitigation in GNSS and is

covered in Chapter 8.
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Reference tropospheric delay values are requi@dhe GNSStation on the moving
platform (SNTRh order to compare and assess the quality of empirically modelled or
estimated delay values. The use of static GN&R&ioningto estimate ZTD is an
established technique for validating the retrieval of ZTD (or Z¥id) alternative
sensors (e.g. Deeter (2007)), or from numerical weather models (NWM) (e.ge€Chen
al. (2011)). Referencaropospheric delay time series were established at the
extremity of thetrajectoryfor the GNS stations on stable platforms (SNLB and SNSU)
allowing kinematic GNSS solutions to be testtdthe CGNSS stations on stable
platforms (SNLB and SNSHd allowing referenc&oposphericdelay values to be
interpolated for the GNSS station on a moving platform (SNTR)e SMR dataset
provided an opportunity for an accurate reference of tropospheric delay overkan~1
altitude range to be established during a variety of meteorological conditions. The use
of a comprehensiveeference dataset allowed a rigorous assessment of the retrieval
of ZWD from kinematic GN$8sitioning on a moving platformver a varying altitude.

This chapter describes the tropospheric comparators used on the SMR data set,
including the generationfazenith tropospheric delays at tleNSS stations on stable
platforms (SNLB and SNSeRtrapolation of pressure observations, interpolated ZWD
values forthe GNSS station on a moving platform (SN&RJ NWM derived delay
values. The IBSYderivedZTD, interpolated reference ZWD, and NWM tropospheric
comparators described irhts chapter are taken froebbet al. (2014)

5.1. Pressure observations and extrapolationZHDs at SNLB and SNSU

To obtain ZWD from aN&SS solution the delay from the stable hydrostatic elements

of the atmosphere, the ZHD, is subtracted from ZTD. ZHD is calculated from
atmospheric pressure. If pressure is not available at a GPS site then a pressure value
will either have to be obtainedby extrapolation, from a NWM, or from empirical

models with standardised mean values. The change in pressure and temperature with
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height can vary depending on atmospheric conditions. Pressure and temperature
differences between SNLB and SNSU are displem@gure5-1. The variation in the
lapse rates of temperature and pressure limits the effectiveness of mitigation from

extrapolation techniques that use a standardised modelled rate.

l W ] ! WWIWWH (WII I“\ 1\ ur]“'l{ :
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DOY of 2011

Figure5-1. Difference in pressure (blue) and temperature (green) between reference
sites SNLB and SNSU.

The error that could be introduced into a ZWD measurementsgitin pressure is ot
recorded will be examined. Three extrapolation methods referred to herein as Berg
(listed in Berg (1948)and used inBoehm et al. (2007) and Kouba (2008)
Hopfield1971) and the Hydretatic equation (HQfWallace and Hobbs, 197@)e
tested. The models are outlined in eqimats(5-1) to (5-7).

Berg:
. 0 (5-1)
0
p TBIMNIMOG @8
0 0 p MINNNOC @S (5-2)
Hopfield:
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- 0
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Hydrostatic equatioiHQ):
0 0 Qwn'QO 0 TYY

Y aQwiy & 0 0 Iq

Where:

0 = Extrapolated Pressure (mbar)

0 = Pressure at sea level (mbar)

0 = Pressure at referencdation (mbar)
Y = Temperature at sea level (K)

Y = Temperature at reference station (K)
Y = Average temperature (K)

O = Height of reference station (km)

O = Extrapolation height (km)

6 = Temperature lapseate @ = 7Kkm?)
Y = Dry air gas constant (R = 0.28g* K?)
Q = Acceleration due to gravity (g = 9.81s?)

(5-3)

(5-4)

(5-9)

(5-6)

(5-7)

The extrapolated ZHD values were tested between the GIMSS stations on stable

platforms (SNLB and SNEUDue to thestationsbeing located at the extremities of

the test area the differences between the extrapolated pressure based ZHD and the

reference ZHD will be a maximum for the test site. Truth ZHD values for SNLB and

SNSU were calculated using equat{s+8), utilising insitu pressure measurements at

each site recording at a fivainute interval.
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The differencedbetween ZHDderived from insitu pressure measurements at SNSU
and the three pressure extrapolatiomethods are displayeth Figure5-2, with the
RMS standard deviation, median, maximum differences and minimum difference
displayed inTable5-1. The Hopfield derived ZHD performs noticeably better between
day of year 270 t@75 compared to that using HQ and Berg. It can be seenFrgune

5-1 that the difference in pressure does not match the trend of the difference in
temperaturebetween day of year 270 to 2&s it does for the majont of the rest of

the time series The improved performance of Hopfield over these five days could be
attributed to the use of actual temperature valuesather than using a nominal

temperature as used in the Berg and HQ nueth.

SNSU
12 T
101
8_
6~
4+ §
€ 2of ‘ | l 1
E | ) i
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pu = f 1 4 1
SEia i iy i |
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o | | JN
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Berg i
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DOY of 2011

Figure5-2. Differences between derived ZHD at SNSU from in situ pressure, and
extrapolated pressure from SNLB using the Berg (blue), HQ (red) parfiéle (black)
models.
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Table5-1. RMS, standard deviation, medianaximumvalue, andnminimumvalue of
ZHD differences at SNSU between ZHDegallerived from extrapolated pressure
values from SNLB, and ZHD derived frofsitim pressure measurements at SNSAU.
guantities are expressed in mm.

SNSU
RMS STD Median Max Min
Berg 3.6 3.4 -1.6 7.6 -12.9
HQ 3.5 3.4 -1.2 8.0 -12.5
Hopfield 2.3 2.0 -1.0 51 -10.2

Over the 50 day test period the error from misrepresenting the change in pressure
with altitude was shown to lead to an errof up to 13 mm from using extrapolation
techniques over an altitude range of kfin. The RMS and median Z#ierences of
2.3mm to 3.6mm, and-1.0mm to-1.6mm respectively, suggest that the overall trend

of the derived ZHD from pressure and temperature extrapolation can be modelled.
However, br applications with short periods of data collection that reguZHD
mitigation, such as airborne GNB&sitioning the errors in ZHD cannot be assumed
to average out over geriod of time Therefore it is recommendethat for
meteorological airborn&NSS positioning situ pressure measurements rather than

extrapolated pressure from grountdasedsensors should be used

5.2. GIPSY estimated ZTapsl ZWDat SNLB and SNSU

Reference ZTDs were established at SNLB and SNSU using AMéRAZPP software
GIPSY 6.1.2 using the processing options outlined in Section 3.3. ZTD estimates were
computed at five minute intervals, and averaged inriute windows(within the
minimumfrequency recommendetly the World MeteorologicalOrganizationHaan

and Jones, 203 for the daily processing runs. ZWDs were established from the
estimated ZTD by subtracting ZHD calculated frofocated pressure measuresnts

as described in section 5. The ZWD values for SNLB and SNSU, as well as the

differences between these sites can be seehigue 5-3. ThemeanZWDdifferences
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between SNLB and SNSU of 52080 highlights the large proportion of the water

vapourin the atmosphere being profite
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Figue 5-3. GIPSYjenerated reference ZWDer SNLB and SNSU (upper pane), and
the differences between them (lower pane).

5.3. Interpolated ZWBat SNTR

A comparator ZWD acting as a reference for SNTR was obtainateipolating the
GIPS¥stimated ZWDs from SNLB and SNSU. At each epoch an empirical decay
coefficient (EDC) was computed (equati®), followingKouba (2008) inputting

the known heights and ZWD @states from SNLB and SNSU. The SNTR ZWD was then
computed using equatio(b-10).

EDC(t) = (hSNsu' hSNLB)/ In (ZW%Nsu(t)/ ZWdSNLB(t)) (5-9)
ZWdSNT R(t) = ZWdSNLB(t) (DNsn=(t)- Msne)/EDC(1) (5-10)

To validate this approach, ZWD values were extrapolated from SNLB to SNSU and from
SNSU to SNLB respectively with a fixed EDC off2086 established iKouba (2008)

and each was compared with the GIRSWmated reference ZWD valuesThe
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differences between the extrapolated and GIPSY reference ZWD values for SNLB and
SNSU for a8ay subset of the data set are showrFigure5-4. For the whole dataset,

the RMSand median of the dferences are 1B mm and-0.5 mm respectively for
SNLB, and 1@ mm and-0.3 mm for SNSU. Because these statistics are for
extrapolated ZWD over the full altitude range of the railway, they provide very
conservative upper bounds on the quality of thdT&R reference ZWD values derived
using equation(5-10), since the latter are interpolated and thereusuallya much
smaller altitude difference fronSNLB or SNSUThe actual quality of the SNTR
reference ZWD is inferred to be salentimetre (RMS), with negligible bjdsased on

calculation of a variable EDC
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—GIPSY [140
200

£ 150
< 100
N

50t

0 1 1 1 1
244 245 246 247 248 249

250

200

E
e 150
S 100
N
50
0 . . . .
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Figure5-4. ReferenceZWD for DOY 24448 estimated using GIPSY for SNSU (upper
pane, blue line) and SNLB (lower pane, red line), and ZWD extrapolated to each site
from the other (grey lines)The difference between the estimated and extrapolated
values is also shown (greénes, righthand scale).

5.4.NWM estimatedTDs, ZHDs, and ZWDs at SNLB, SNSENH&Rd

A tropospheric dataset independent from the installed instruments at SMR was sought
to provide further confidence in the reliability of reference a@GINSS estimates of

tropospheric delay. The UK Met Office Unified Model was used to provide ZTD and
ZHD (therefore allowing ZWD to be deduced). The Unified Model is a suitable
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comparator with its ability to operate at a spatial resolution of X80 Due tothe

steep topography of the SMR test site a NWM model that uses a high spatial resolution
terrain model is paramount for representing atmospheric conditions such as pressure
and water vapour content. The description in this section of the Unified Modsl w
provided by Gemma Bennitt arldr Stuart Webster, collaborators on this project at

the UK Met Office.

The Met Office Unified Model solves the rbydrostatic, deepatmosphere equations
of motion on a rotated latitudelongitude grid using a seAmplicit, semiLagrangian
numerical schemdgDavieset al, 2005) It uses Arakawa-@id staggering in the
horizontal and a terraifiollowing hybridheight CharnegPhillips vertical grid. A
comprehensive set gfhysical parameterisations is used, including sur{8estet al,,
2011) boundarylayer(Locket al., 2000)and mixedphase cloud microphysi€gvilson
and Ballard, 1999)

The configuration used in this study consists of a set ofwag nested domains with
horizontal grid lengths of km, 1km, 333m and 100m. The &m resolution domain

is the Met Office UKrhodel, which covers the whole of the UK and includes a full data
assimilation system and hence generates operational analyses eveour8. The

1 km domain is based on the Met Office operational UKkimsmodel (the UKV) but
uses a smaller domain covegionly a 10&km x 10(km domain centred on Snowdon.
The 1km model uses the standard bounddayer scheme for vertical sedrid mixing

but, unlike the UK4 configuration, uses a stabitigpendent Smagorinskyilly
diffusion scheme in the horizontal. @833m and 100m models cover 5Bm x 50km

and 20km x 20km respectively and both use the Smagorirgdkly diffusion scheme

in the vertical as well as in the horizontal, since at these microscale resolutions the
three-dimensional nature of the boundatgtyer eddies may be partially resolved. All
the models use 70 levels in the vertical, the spacing of which increases quadratically
with height up to the domain top at 4dm. The majority of the levels are located near
the surface, with five levels in ¢hlowest 100m and 16 levels in the lowestKin of

the atmosphere.
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the simulation as close as possible to the operational analysis. Kiremodel was

re-run from the operaéional analysis every Bours, to provide the lateral boundary

condition (LBC) data for thekin model, which provided LBC data for the 33&odel

which in turn provided LBC data for the 1@0model. The km, 333m and 100m

models were all initialiseavith the interpolated 4km analysis, but were then free

running, such that no further rnitialisation took place. Hereafter, NWM refers to

the data output by the 100n model.

Using model fields of pressure, temperature and humidity, the wet and drgiatdity

was calculated for each model grid point. The total refractivity was then used to find
the contribution to the satellite signal delay for each model layer, at each grid point.
To obtain the ZTD for each surface grid pding verticaltotal of all the layer delays
above that pointwere found and then added the contribution to the delay of the
atmosphere above the model top, as detailedBiannitt and Jupp (2012)To calculate

the ZWDthe dry refractivity when calculating the refractivity at each grid pewats
omitted, before using this value to calculate the contribution of a layer of atmosphere
to the total ZTD, assuming the atmospheric refractivity decays exponentially with
height from the surface. ZHD wtmen calculated as the difference between the ZTD
and ZWD.

Atmospheric simulations of tropospheric delay were conducted for thdd&0study
period, with outputs generated every 1Biinutes forthe GNSS stations on stable
platforms SNLB and SNEland at every 25n of vertical height change of the
trajectoryfor the GNSS station on a moving platform (SNTRe NWM ZHD and ZWD
values were coected for the difference between the topographic height of the model
(the 90 m horizontal resolutiorSRTM3 digital terrain model used in the NWM) and
the actual terrain height by the extrapolation methods outlineKiouba (2008) The
NWM ZHD and ZWD outputs were linearly interpolated to the location of SNTR from
the bounding NWM time series to correct for differences in height and epoch of

output.

60



5. Tropospheric comparators

The generated ZHD and ZTD values were validated aGM8S stations on &t
platforms(SNLB and SNPusing the referenc& TDobtained from GIPSY (see section
5.2)and insitu pressure derived ZHD values. The NWM and reference ZTD and ZHD
for the 50 day data period and the differences between the time series are dexplay

in Figure5-5 and Figure5-6, with the differencesummarisedn Table5-2.
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Figures-5. Referenc&Z TD time series obtained from GIR&Yerence, blackgand ZTD
time series from theJnified Model (red)for SNLB and SNSU on DOY-280 0f2011
(upper panes). Lower panes show the differences between the Unified Model
estimation and the reference ZTD values.
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Figure5-6. ReferenceZHD tme series obtained from igitu pressure measurements
(reference, black), andHD time series from thenified Model (red)for SNLB and
SNSU on DOY 2289 of 2011 (upper panes)Lower panes show the differences
between the Urfied Model estimation and the reference ZHD values.
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Table5-2. RMS, standard deviation and median of the differences between ZTD and
ZHD estimates from the lified Model andreferenceZTD and ZHD values3itiLB and
SNSUAII quantities are expressed in mm.

SNLB SNSU
RMS STD Median RMS STD Median
Unified Model ZTD 11.7 111 -4.0 10.4 10.4 -0.3
Unified Model ZHD 3.6 1.2 -3.4 3.7 1.1 -3.5

The largetthan-average difference in ZTD between the NWM estimates #ed
referencevaluesaround day of year 287 was investigated. For both SNLB and SNSU
an increase in the difference can be seen, with magnitude of the bias larger at
SNSU. The magnitude of the ZHD bias does not increase over day of year 287,

suggesting that it is the ZWD that is being misrepresented in the model.

From examining the model the high ZTD during day of year 287 appe@@suit from

an erroneously thick near surface moist layer. The model appears to represent the
temperature inversion of the 12 km layer reasonably well, but not the humidity field.
The erroneously moist layer of 25 km, as shown ifFigure5-7, would appear to

account for the larger difference in ZTD values for day of year 287.

00m Model m Model
‘[3/10/11 12:00 ‘M—/TU/H 12:00

L il L il
Figure5-7. Cross section aklative humidity from the NWM Unified dtel, running
east to west along the Snowdon test site, with DOY 286 on the left and DOY 287 on
the right (generated bypr Stuart Webster at the Met Office).
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The representation of ZTD at SNLB and SNSU for the 50 daetest with RMS of
11.7mm and 10.4nm respectivelyTable5-2), and ZHD representesith medians of
-3.4 mm and -3.5 mm (Table 5-2), showsthat the NWM dataset is a suitable
independent quality control dataset for the assessment of tropospheric zenith delays

from kinematicGNS®ositionsfor the GNSS station on a moving platform (SNTR)
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5.5. Summary

This chapter has presented the tropospheric comparators used for the SNRedat

The decrease in ZWD with an increase in altito@gbeendemonstrated, with anean

ZWD difference of 56hm between SNLB and SNSU. The variability in the ZWD lapse
rate is also evident with the ZWD difference between SNLB and SNSU g

the meanby up to 40mm. Reference ZW~DQere established for th&GNSS station on

a moving platform (SNTRpm interpolation betweenthe GNSS stations on stable
platforms (SNLB and SN{Wvith the potential @ror considered to be at the sub
centimetre level. The importance of measuringlooated pressure to derive accurate
ZHD was highlighted, with the potential to introduce centimetre level error into ZWD

edimates if extrapolatingZHD frongroundbased presure measurements.

The use of a NWM as an independent tropospheric delay comparator provides
confidence in the observations collected at ttae GNSS stations on stable platforms
(SNLB and SNSWjith ZHD standard deviation agreemesftup to 1.2 mm and a
median biasof up to-3.5mm, and ZTD standard deviation g to 11.1mm and a
median bias ofip to-4.0mm. The performance of the NWM delay time series at the
site extremities provides confidence in the NWM as additional compaator for
SNTR.
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tropospheric delayt a range of altitudes

Empirical tropospheric models are widely usedimematic GNSrelative postioning

to try to mitigate the residual delay from the differenced swbn. Tropospheric
models attempt to represent an average atmosphermnd therefore cannot
characterise the high temporal and spatial variations in the atmosphere. Previous
studies (e.g. Shaet al. (2007);King (2009) have &own height differences of
0.1- 0.3m can result in airborné&NS$ositioning from modelling the tropospheric
delay and not estimating it. This chapter will investigate the effectiveness of empirical
tropospheric nodels at SMR by comparing to pressure and temperature observations,
and to GNSS derived referengdDvalues at a range of altitudes. The effect of
tropospheric modelling on the accuracy of kinema@blSS$ositioning willalso be

further assessed i€hapter 8.

6.1. Empiricatropospheric models
A range of empirical tropospheric modelse incorporated in many GNSS processing
packages soutlined in this section. The models can vary from using global yearly

nominal values for temperaturgyressure and relative humidity, to latitudinal and

temporal dependent sampling of the predicted values.

6.1.1. Saastamoinen

The Saastamoinen tropospheric mod&laastamoinen, 1972)alculates ZTD by the
sum of the ZWD and ZH&ndcan be outlined as:
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p ¢ vAu (6-1)
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Where g is the local gravity acceleration at the station height:
C p mWingopMhHl @ mWnTOY (6-3)

Due to the model not relying on input from meteorological measurements, standard
atmospheric equations and nominal values are used to predict pressure, temperature
and water vapou pressure. The mean sea level pressure, temperature and relative
humidity values, and the methods to reduce values with altitude are displayed in

equatiors (6-4) to (6-6).

Pressure is calculdtR I 4 | aldraArzyQa Bb KIPAEBAT NA O

approximation:

0 0zp MWNNNeEOF (6-4)
0 pH@od Qi

Temperature is obtained from

Y Y 18um @0 (6-5)

uY p $

And the relative bmidity ¢ Q) and partial water vapour pressurd) @re given by
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6.1.2. Saastamoinewith GPT input

The global presure and temperature (GPT) mod@&oehmet al., 2007)is based on

three years (Sept 1999 to Aug 2002) of a 15° x 15° global grid ofhhgomtean

pressure and temperature profiles from the ECMWF (European Centre for Medium
Range Weather Forecasts) 40 year reanalysis data (ERA40). Pressure and temperature
values and their associated annual amplitudes at each grid point are expanded into
spherical harmonics up to degree and order nine. Annual variations for pressure and
temperature are fitted as a cosine, with the zero phase defined &t28wary. The

model exponentially interpolates pressure and lingascales temperature from the

EarthQa adzNF I OS (2 (KS NBIjdzZANBR KSAIKGOD ¢ K
in the Saastamoinen model (equati{@5)), while the pressure lapse rate is described

by:

0 0zp mMNnNNEDOF (6-7)

The GPT model accepts ellipsoidal rather than orthometric heights due to orthometric
heights often not being available in GNSS processing. Ellipsoidal heiglgs wer
transformed to orthometric heights in the model by expanding gesighsoid

separationdrom the EGM96 model into spherical harmonics up to degree and order
nine. Pressure and temperature estimates from the GPT model are then input into

the Saastamoine model to calculate ZHD and ZWD.
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6.1.3. Saastamoinewith GPRinput

GPTZLagleret al,, 2013)is an updated version of GPUpdates include highespatial
sampling, modelled rather than assumed temperature lapse rates,-aamial (in
addition to annual) temporal variations fitted, and the inclusion of modelled water
vapour pressure. Mean monthly temperature, pressure and temperature lapse rate
profiles from the ECMWF reanalysis ER@&rim dataset were sampled over a nine
year period (200212010) on a 5° global grid. Annual and samual variations in the
atmosphere are fitted with a least squares adjustment at each grid point for each
parameter The reduction of pressure with altitude is calculated by using the virtual
temperature and based on the assumption that a parcel of dry air will have the same

pressure and density as a parcel of wet air.

4 is the virtual temperature and can be dezty by using

4 4 p m@TNA (6-8)

YR v Aad GKS ALISOATAO KdzYARAGE ONIGAZ2 27

The reduced pressure can therefore be calculated by

zZ z 6_9
b PA@b? (69)

whereEis the difference in height between grid point and station height, g is gravity,

M is the molar mass of dry air, and R is the universal gas constant.

Pressure, temperatureand water vapour pressure estimates from the GPT2 model

are then input into the Saastamoinen model to predict ZHD and ZWD.
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6.1.4. EGNOS

TheEuropean Geatationary Navigation Overlay SystéBGNORBropospheric model
(Collins and Langley, 1993Iculates ZTD dependent on height, latitude, and day of
year. Meteorological parameters of pressure, temperature, water vapour pressure,
temperature lapse rate and water vapour lapse rate were interpolated from yearly
means derived from th€OESA (1966)orth American meteorological data set in 15°
latitudinal bands. A sinusoidal function was fitted through the data to account for
seasonal variations; an example of the equaftioncalculating temperature is shown

in equation (6-10). The average and amplitude valuew the meteorological

parameters are included ihable6-1 and Table6-2.

o . “QE W -
Y v . VVe Thé =,C ()] (6-10)
oo

Table6-1. Averages of pressure, temperature, water vapour pressure, temperature
lapse rate § ) and water vapour pressure lapse ratg (n the EGNOS tropospheric
model.

Average
Latitude Pressure Temperature  Water vapour (00] S
(deg) (mbar) (K) pressure (K m?) O]
(mbar)

015 1013.25 299.65 26.31 0.00630 2.77
30 1017.25 294.15 21.79 0.00605 3.15
45 1015.75 283.15 11.66 0.00558 2.57
60 1011.75 272.15 6.78 0.00539 1.81
075 1013.00 263.65 4.11 0.00453 1.55
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Table6-2. Amplitudes of pressure, temperature, water vapour pressure, temperature

lapse raé (), and water vapour pressure lapse rate {(n the EGNOS tropospheric
model.

Amplitude
Latitude Pressure Temperature Water vapour b S
(deg) (mbar) (K) pressure (K m? O]
(mbar)

015 0.00 0.00 0.00 0.0000 0.00
30 -3.75 7.00 8.85 0.0025 0.33
45 -2.25 11.00 7.24 0.0032 0.046
60 -1.75 15.00 5.36 0.0081 0.074
075 -0.50 14.50 3.39 0.0062 0.30

The computed meteorological parameters are then used to compute ZWD and ZHD at

sea level using equatiorfé-11) and(6-12)

T QYD 6-11
ooo PIL=YY (6-13)
Q
nQy Q 6-12
HHO — 5 (6-12

WhereQ AT R are 77.6Kmbar! and 3820002 mbar?,"Y is 287.0541kg*K?, and
"Q is 9.784m s?.

The resulting ZWD and ZHD are scaled to the station height using equétib®)sand
(6-14). The EGNOS moass$oincludes theBlack and Eisner (198dhapping function
for both ZHD and ZWD.

[

T~ s o (6-13)
@000 w00p ~
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: (6-14)
HOO OO p -

[

IO
Y
Whereg is 9.8066%n s2.

6.1.5. UNB3m

The Universityof New Brunswick 3 modifieqlUNB3n) troposphericmodel (Leandro

et al., 2008)uses the same averaged dataset as the EGNOS model, except with relative
humidity values instead of water vapour pressure. Relative humidity is used because
of the water vapoupressure values in the EGNOS model result in a predicted relative
humidity of greater than 100% at certain locations. The average and amplitude values
for relative humidity as displayed Table6-3 were calculated fronthe COESA (1966)
dataset and input into the mode The resulting relative humidity is then converted to

water vapour pressure using the conventions outlineiicCarthy and Petit (2004)

Table6-3. Average and annual amplitude of relative humidity used in UNBAIt.
values are represented as a percentage.

Latitude Average Amplitude
(deg)
015 75 0.0
30 80 0.0
45 76 -1.0
60 77.5 -2.5
075 82.5 2.5

UNB3m uses the same ZHD and ZWD equations as used in the EGNOS model. Apart
from the different method to account for water vapour pressure the UNB3m model
uses dQ value 0f377600K2 mbarl, and uses the Niell mapping functi@diell, 1996)

that maps the hydrostatic and wet part of the atmosphere separately.
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The UNB3mmodel was validated against a gigar (1990- 1996) North American
radiosonde raytracing data set for 223 stations. For the latitudinal band 45° to 60°
north the mean and standard deviation of the ZWD estimation emna@re-1 mm and

37 mm respectively The mean ZWD estimation error for all latitudes was found to
increase with height, with a mean difference ofrim at a height range of 9500 m

rising to-35mm for sites between 15002000m.

6.2. Empiricatropospheric models é8NLB and SNSU

The empirical tropospheric models listed in sewst6.1 were initially tested at the
GNSS stations on stable platforr8&NLB and SNyl the extremities othe trajectory
of the GNSS station on a moving platform (SN&R)wing direct comparisanof

modelled delays tohe referencevalues described inf@pter 5

Pressure and temperature from trempiricaltropospheric models (excluding EGNOS

that does not directly provide prediction of meteorological para®@®B | G &G |
height) are displayed iRigure6-1 for a one year period. The harmonic variation used

to account for seasonal variations is apparent for @astamoinen with GPT and

GPT2 inpuand UNB3m.The semiannual harmonics used in tHgaastamoinen with

GPT2are alsoapparent in the pressure time series for SNLB. If the largest variations

in the pressure and temperature between the models are considerednbér at

SNSU and 2K at SNLB arodnday of year 28, this results in differences in ZHD and

ZWD (dependent on the model specific partial pressure of water vapour) of around

~20mm and ~60nm respectively.
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Figure6-1. Pressure (left panes) and temperature (right panes) time series used
in the empirical tropospheric models UNB3m (blue), Saastamoinen with GPT input
(red), Saastamoinen with GPTrut (turquoise), and Saastamoinen (magenta),
shown for SNLB (lower panes) and SNSU (upper panes).

Estimated ZTDs from thempiricaltropospheric models are displayed for an annual
cycle inFigure6-2. Apart from thedifferences in themean vales and amplitude
variations between the models, the difference in day of year when the ZTD maximum
occurs forSaastamoinen witlisPT2nput is apparent as he peakis later on in the
annual cycle than the fixed phase (fixed to day of year 28)ats ofSaastamoinen

with GPTinput, EGNOS, and UNB3m.
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Figure6-2. ZTD time series obtained from the empirical tropospheric models UNB3m
(blue), Saastaminen with GPT input (red), Saastamoinen with GRp@t (turquoise),
EGNOS (green), and Saastamoinen (mageoteSNLB (lower pane) and SNSU (upper
pane).
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6.3. Validation of empiricafopospheric models é8NLB and SNSU

The SMR GNSS data set all@ewgpiricaltropospheric models used in airborne GNSS
positioningto be assessed. The modelled pressure and temperature can be compared
to meteorological data collected, while the generated ZWD, ZHD and ZTD can be
validated against theeference valueslescribed in Chapter.5Modelled values were
initially at the GNSS stations on stable platfor(®\NLB and SNyldcated at the
extremities of the test site, and an altitude difference of ~1000. Modelled delay
values were generated at a bdinute interval matching the epochs of theeference
valuesfor the 50 day test period. Pressure and temperature observed reference
values werealso linearly interpolated in time to the modeajenerated epoch time
stamp. In the following section orthometric heights will be used with the model, with
the Saastamoinen wittsPTand GPT2 inputnodels adjusted to accept orthometric

rather than ellipsoidal heigh.Pressure andHDs

Modelled pressure and ZKbBrom the empiricaltropospheric models are shown in
Figure 6-3 together with reference values The statisticadifferencesof modelled
pressure and ZHBom the reference valueare given inTable6-4 and Table6-5
respectively. Due to hydrostatic elements of the atmosphermdpeemporally and
spatially more stable than water vapour, ZHD can be modelled as a function of
atmospheric pressure. All of thmpiricalmodelled ZHD values are within fdm of

each other at SNLB and SNSU over the 50 day permatihe meanZHD difference

for all the models does not exceed 48im. Theempiricalmodels capture the mean
troposphere but can only represent seasonal behaviour, with the large RMS and
standard deviations demonstrating the limitations of the empirical models bwarly

and daily periodsHere, t should be considered that the location of the SMR dataset
is in the same hemisphere and similar latitudes as the US meteorology datzskin

the EGNOS and UNB3m modelset al. (2007)showed differences in the seasonal
variability of ZTD between the hemisphere§.he assumption that the southern
hemisphere is a mirroof its northern counterpart could therefore lead to greater
errors in the modelled delay values in the southern hemispharagleret al. (2013)

highlighted the distribution of higher RMS differences values in the southern
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hemisphere and low latitude regions (equatorial areas) inShastamoinen witiGPT
input model when compared to a global pressure observations network.
Saastamoinen wittGPT2input offers an improvement on the poorly represented
southern hemisphere irBaastamoinen witftGPTinput, whichis attributed to the

enhanced spatial resolution (5° compared to 15°) of the sampled ERA interim dataset.
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Figure6-3. Pressure (left panes) and the resulting ZHD (right panes) time series from
reference valueg black) and from the empirical tropospheric modelsIB3m (blue),
Saastamoinen with GPT input (red), Saastamoinen with GPUR (turquoise), and
Saastamoinen (magenta), f&@N\LB (lower panes) and SNSU (upper panes) for DOY
240-289. ZHD from the EGNOS tropospheric model (greem}ligded in the right
panes.

Table6-4. RMS, standard deviation, median, and mean of the differences between
modelled pressures from the UNB3®aastamoinenSaastamoinen with GHifiput,

and Saastamoinen with GPTigput empirical tropospheric models with respect to the
referencevalues alSNLB and SNSWII quantities are expressed in mbar.

SNLB SNSU
RMS STD  Median Mean | RMS STD Median Mean
UNB3m 7.7 7.6 -2.6 -1.5 8.3 8.1 -2.7 2.1
Saastamoinen 7.8 7.7 -1.7 -0.5 7.6 7.3 -0.4 0.3
SAAST GPT) 7.8 7.8 -0.7 0.6 7.8 7.7 0.6 1.2
SAAST GPT2 8.0 8.0 -1.2 0.2 8.3 8.2 1.2 1.7
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Table6-5. RMS, standard deviation, median, and mean of the differences between
modelled ZHD from thEGNOS3JNB3m SaastamoinerSaastamoinen with GRiput,

and Saastamoinen with GPTi@put empirical tropospheric modelwith respect to
referencevaluesat SNLB and SNSWII quantities are expressed in mm.

SNLB SNSU
RMS STD Median Mean | RMS STD Median Mean
EGNOS 17.4 17.3 -4.2 -1.7 18.8 18.4 5.4 -3.9
UNB3m 17.6 17.3 -5.9 -3.3 19.0 18.4 -6.3 -4.8
Saastamoinen 17.7 17.6 -3.9 -11 17.4 17.4 -0.9 0.6
SAAST(GPT) 17.8 17.7 -1.6 0.5 17.7 17.5 1.3 2.7
SAAST(GPT?2) 18.3 182 -0.9 2.2 19.2 18.6 3.7 4.9

6.3.2. Temperature andWDs

Modelled temperature and ZW&from the tested tropospheric models are shown
with reference valuesin Figure 6-4. The statistical differencesof modelled
temperature and ZWMErom the reference valueare displayed ifable6-6 and Table

6-7 respectively. Even though the magnitude of ZWD is ~d0Z41D it can be seen
from the reference time series that the ZWD over the 50 day period can vary by up to
150mm, with the variation in ZWD occurring in a short period as demonstrated by the

fluctuations between day of year 275 and 280.
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Figure6-4. Temperature (left panes) and ZWD (right panes) time segésence
values (black) and from the empirical tropospheric modeldJNB3m (blue),
Saastamoinen with GPT input (red), Saastamoinen with GPUL (turquoise), and
Saastamoinen (magenta), f@NLB (lower panes) and SNSU (upper panes) for DOY
240-289. ZWD from th EGNOS tropospheric model (green) is included in the right

panes.

Table6-6. RMS, standard deviation, median, and mean of the differences between
modelled tenperatures from the UNB3nSaastamoinenSaastamoinen with GPT
input, and Saastamoinen with GPTri8ut empirical tropospheric models with respect

to the referencevalues alSNLB and SNSHIl quantities ae expressed in Kelvin.

SNLB SNSU
RMS STD Median Mean| RMS STD Median Mean
UNB3m 6.1 4.3 -3.3 -4.3 4.9 4.2 -1.2 -2.5
Saastamoinen 3.7 3.1 2.4 2.0 4.4 3.0 3.7 3.2
SAAST(GPT) 4.5 34 -2.5 -2.9 3.7 3.3 -1.0 -1.7
SAAST(GPT2 4.1 3.6 -1.5 2.1 3.5 3.4 -0.2 -0.9

Table6-7. RMS, standard deviation, median, and mean of the differences between
modelled ZWD from theeGNOSUNB3m,Sastamoinen,Saastamoinen with GPT
input, and Saastamoinen with GPTrigout empirical tropospheric modeisith respect

to the referencevaluesat the SNLB an@NSU All quantities are expressed in mm.

SNLB SNSU
RMS STD Median Mean| RMS STD Median Mean
EGNOS 41.6 41.6 11.0 0.1 36.2 35.3 16.0 7.9
UNB3m 49.9 43.9 -13.3  -23.7| 374 36.4 1.4 -8.3
Saastamoinen 58.8 40.1 -35.1  -43.0| 40.7 34.8 -15.2 211
SAAST(GPT) 79.6 40.8 -58.7 -68.4| 52.6 35.1 -31.7 -39.1
SAAST(GPT2) 444 41.7 -4.3 -15.2 | 449 36.1 36.1 -26.8
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Saastamoinen witlPTinput estimates the overall temperature better than UNB3m

with smaller STD and median biases. The modelled ZWD from Saastamdm&PT

input is poorer than the UNB3m model though, with a median ZWD bigs80f mm
and-31.7mm compared to 11.0nm and 16.0nm for SNLB and SNSU respectively.
The consequence of the poor ability to model the ZWD even though the overall
temperature is estimated with a lower mean difference is due to the use of setting
relative humidity to 50% in the Saastamoinen model. If relative humidity is set to 75%,

a similar value used in UNB3m, then the mean difference in ZWD using GPT for SNLB
and SNSU regtes from-68.4 mm and -39.2 mm to -31.6 mm and -12.6 mm
respectively. The average relative humidity value for SNLB and SNSU from UNB3m is
76.2% and 74% respectively.

Saastamoinen withGPT2input provides partial water vapour pressure from the
sampled ER4O interim model dependent on latitude, longitude and day of year. The
average water vapour pressure from GPT2 is t#har and 11.2nbar for SNLB and
SNSU respectively. If the water vapour pressure is converted to relativity humidity
using the IERS Camtions(McCarthy and Petit, 2004nd following the method used

in UNB3m the resulting relative humidity at SNLB and SNSU is 82.7% and 111.7%
respectively (suggesting an overestimation of water vapour pressure from the GPT2
model). The median ZWD difference for SNLB and SNSU using G&3B82nis and
36.1mm, with the larger error at SNSU corresponding to the estimation of water

vapour pressure.

The estimated mean temperature at a station height also relies on the temperature
lapse rate used. The large variability in the temperature lapse rate calculated between
SNLB and SNSU can be sedtigire 6-5 along with the temperature lapse rates from

the models. The tropospheric models are withitK km? of the average reference
temperature lapse rate, but can differ by up &K km?®. The large variability in
temperature, temperature lapse rate, and water vapour pressure accounts for

difficulties in an empirical model to represent ZWD.
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Figure 6-5. Temperature lapse rates from SNLB and SNSU (continuous black line),
Mean temperature lapse rate from SNLB and SNSU (dashed black line), EGNOS
temperature lapse rate (green), UNB3m temperature lapse rate (blue), GPT
temperature lapse rate (red), and GPT2 temperature lapse rate (turquoise).

6.3.3. ZIDs

Modelled ZTDs from thempiricaltropospheric models are shown with reference
values inFigure6-6. The statistical differenced modelled ZTD&om the reference
values are displayed inable6-8. The error in ZTD is dominated by the errothie

ZWD due to the high spatial and temporal variability of atmospheric water vapour
(Mendeset al., 1995) The higher variability of water vapour can be seen in the larger
statistical differences of ZWD displayedTiable6-7 compared to the smaller ZHD
statistical differences ifable6-5, with the EGNOS model at SNSU having an RMS of
36.2mm for ZWD compared to an RMS of 18 for ZHD. The EGNOS model is the
most representative of the mean ZTD for SNLB and SNSU. The maximum difference in
ZTD between the optimal troposphericoatels tested (EGNOS) areferencevalues

is 133mm and a standard deviation of 4@m. The high maximum difference and
standard deviation values for the optimal model highlight the limitations of empirical
models to emulate the variations in ZTDn érror in the mitigation of ZTD can be
considered to map into the error in height by a factor of th{&anterre, 1991 )due

to limitations in mapping the delay from the satellite elevation angle to the zenith.
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Figure6-6. ZTD time series fromeferencevalues(black) and from the empirical
tropospheric modeldJNB3m (blue), EGNOS (green), Saastamoinen with GPT input
(red), Saastamoen with GPT2nput (turquoise), and Saastamoinen (magenta), for
SNLB (lower panes) and SNSU (upper panes) for DO2&20

Table6-8. RMS, standard deviation, median, and mean of the differences between
modelled ZTD from thEGNOS, UNB3i8aastamoinenSaastamoinen with GPand
Saastamoinen with GPTiput empirical tropospheric modelwith respect to the
referencevalues atSNLB and SNSUII quantities are expressed in mm.

SNLB SNSU
RMS STD Median Mean| RMS STD Median Mean
EGNOS 47.0 47.0 4.0 -1.6 42.4 42.3 9.1 4.0
UNB3m 57.1 50.3 -21.7 -27.0| 46.3 445 -8.7 -13.1
Saastamoinen 62.4 442 -39.1 -440| 451 40.2 -15.5 -20.4
SAAST(GPT) 81.3 45.8 -60.7 -67.1| 55.0 41.2 -30.9 -36.4
SAAST(GPT2) 49.7 48.0 -7.3 -13.0| 54.2 44.0 36.5 31.7

6.3.4. Orthometric and ellipsoidal heights

It should be consided that many GNSS processparkageslo not use orthometric
heights in tropospheric models but use the more readily available ellipsoidal height.
The ellipsoid at theSMR test set is ~58 abovemean sea level. The mean ZTD
differences béwveen thereferencevaluesand theempiricaltropospheric models were
compared when ellipsoidal and orthometric heights were input and can be seen in

Figure6-7. Due to theSaastamoinen witlsPTand GPT2 iyt models calculating a
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geoid correction of ~52n for the SMR dataset the differences in ZTD between the
inserted height values are less. For UNB3m, EGNO8)afdastamoinen model the
mean ZTD difference is seen to increase by an average ofriti.4nd15.3mm for

SNLB and SNSU respectively if ellipsoidal height is used rather than orthometric.
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Figure6-7. Mean ZTD differences for SNLB and SNSU foosdperic model€ENGOS,
UNB3m Saastamoinerbaastamoinewith GPT inputSaastamoinewith GPT2 inpuyt
and Saastamoinen with ellipsoidal heights used (blue), and orthometric heights (red).

Mean (mm)

The consequence of using the incorrecidie propagates mainly from the incorrect
modelling of ZHD due to the magnitude of ZHD being a factor of 10 greater than the
ZWD. For example the mean ZHD difference at SNLB and SNSU decreasesiy 14.7
and 12.2mm respectively, while the mean ZWD diffaces increases bym and

1.1 mm respectively. If estimating a tropospheric delay in a GNSS solution and local
pressure is not availabléhen an empirical tropospheric model will be used. Even
when the ZWD is estimated, usiag appropriate model foZHDis important. Any
residual slant delay in either the ZHD or ZWD is mapped by the incorrect mapping

function and can result in a bias in the Z(Keijer, 2001)

6.4. Validation of empiricafopospheric modelat SNTR

To assessempirical tropospheric models forairborne GNSSpositioning the

tropospheric models outlined in sectidhl were alsotestedfor the GNSS station on
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a moving platform(SNTR Orthometric heights were used with the models to
generate delay values. The differendetween modelled ZTD amnéference values

are displayed imTable6-9. The lowest mean and median ZTD difference at SNTR are
for the UNB3m modelwhile the EGNOS model provides the smallest RM8e
optimal model isherefore different at SN'Rthan at SNLB and SNSWhich can be
attributed to a difference in the temporal sampling. SNTR is sampled from 0600 to
1900 each day, and does not include day of year 270 and 280 where there is a peak in
ZTD (evident ifrigure6-6).

Table6-9. RMS, standard deviation, median, and mean of the differences between
modelled ZTD from thEGNOS, UNB3m, Saastamoingth relative humidity seto

50% Saastamoinen with GPihput and relative humidity set to 50%and
Saastamoinen with GPTiput empirical tropospheric modelwith respect to the
referencevalues atSNTR between heights 167120m. All quantities are expressed

in mm.

SNTR
RMS STD Median Mean
EGNOS 36.6 34.7 14.5 11.7
UNB3m 38.3 374 -3.7 -8.3
Saastamoinen 52.7 33.1 -38.2 -40.9
SAAST (GPT) 55.8 345 -40.9 -43.8
SAAST (GPT2) 41.6 37.8 20.2 17.6

The distribution of the ZTD differences for the tropospheric models UNB3m and
Saastamoinen at SNTR can be seen from the histogranisgure 6-8. If the
distribution of the ZTD differermc for the UNB3m model is analysed 60% of ZTD
differences are greater than £Ifm, and 37% greater than £30m. If the widely
used Saastamoinen model is us88% of ZTD differencese greater than £15nm,

and 62% greater than £3@m. Even though the trmspheric models such as UNB3m
can represent the mean trends of ZTD reasonably well, they cannot represent the
highly variable nature of the delay and this is seen in the high percentage of data that

is greater than £30nm.
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Figure6-8. Histograms of differences in ZTDs at SNTR between modelled ZTD from
the UNB3m (left) and Saastamoinen (right) empirical tropospheric models and
referencevalues Each bin size represents hbn of delay.

The performance of the estimated ZTD for SNTR over a range of adtiigde
considered, with the RMS and median calculated inrhQeight bands and shown in
Figure6-9. UNB3m and EGNOS models continue to perform better over tharl00
height bandsvhen compared to the Saastamoinen models using a standard relative
humidity at sea level of 50%. The RMSSarstamoinen wittsPT2nput increases
with height, an opposite tned to the other models, and supported by the ZTD
difference RMS for SNLB and SNSTAhlre6-8.
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Figure6-9. ZTD RMSral median differences at SNTR (in X0®rthometric height
bins) between thereference values andeach empirical tropospheric model
Saastamoinen with GHifiput and relative humidity set to 50% (red), Saastamoinen
with GPT2nput (turquoise), UNB3m (blue), EGNOS (green), and Saastamoinen with
relative humidity set to 50% (magenta).
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Between day of year 270 and 285 the ZTD at SNLB and SNSU is seen to spike and have
a greater variability. Therefore the mean ZTD differencesSfdiay consecutive
windows were calculated and displayedrigure6-10, along with ZTD at SNSU. It can

be seen that when there is an increase in ZTD between day of year 280 ande€85
mean ZTD difference for eachtbe models increases. Unfortunately due to a logging
fault, SNTR data was not collected between day of year 270 and 279 and therefore the
mean ZTD differences are not displayed during this period. The mean ZTD difference
from the models between day ofegr 280 ad 285 varies betweer79.4 mm and-

138.1 mm, this is compared between day of year 285 and 290 with mean ZTD
differences between5.8 mm and-60.5 mm. This highlights the limitation with
empirical tropospheric models wheneal tropospheric coditions vary from the
expectedrropospheric conditions, and demonstrates the potential magnitude of error

that can arise
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Figure6-10. Mean ZTD diffeances for five day windows between the referevedues

and the following empirical tropospheric modeSaastamoinen with GRiiput and
relative humidity set to 50% (red asterisk), Saastamoinen with GPRUR(turquoise
diamond), UNB3m (blue square), EGNOS (green triangle), and Saastamoinen with
relative humidity set to 50% (magenta circle). Tékerence valuesit SNSlare also
included (black line, rigbhand scale).

6.5. Conclusion

A range ofempiricaltropospheric delay models have been analysed, and their ability

to mitigate tropospheric delay benchmarked. Tuse of GNSS stations on stable and

moving platformshas allowed a range @mpiricaltropospheric models to be tested

in a simulated airborn&NSS positionirgcenario. The use of ¢ocated pressure and
temperature measurements and GB&rivedZTD estimatess reference valuelsas

allowed the modé aQ FoAfAGe G2 SadAayYrdS YSGaS2N

hydrostatic and wet components of tropospheric delay to be benchmarked.

Without parameterising residual ZTD in absol@SSpositioning solutionsthe
unmitigated delay will propagate directly intbe height component. The effect of
unmitigated delay for relativ&NSS positionirig certain scenarios, for example short
baselines and small height difference between receivers, is minimal due to the similar
observations cancellingrrors (incuding troposeric delay) in the differencing
procesgSharet al,, 2007) For airborn&sNS$ositioning however the tropospheric

conditions experienced betven receivers can be quite different due to a difference
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in altitude and the spatial variability of water vapour, therefore the delays will not
cancel each other out and the delays must be mode{Mdndeset al,, 1995; Collins
and Langley, 1997)

The empirical tropospheric models were shown to represent the overall trend of
pressure and temperature and therefore ZTD, with models representingl ey

with a median range betweef3.7mm and-40.9mm atthe GNSS station on a moving
platform (SNTR)However, he variability of the delay has to be considered, with the
models unable to emulate the high frequency temporal changes in atmospheri
conditions. The median bias of estimated ZHD compared to the pressure derived
reference varies between 0.55im and 4.9mm for the models tested athe GNSS
station on stable platformsSNLB and SNHUThe largest maximum ZHD difference at
SNLB and SN&Jrom the Saastamoinen with GPihput model with a magnitude of

55.1 mm, while the UNB3m model has the smallest maximum ZHD difference of
45.2mm. The larger contribution to the error in ZTD is from the more variable ZWD,
even thoughthe magnitude of VD is much smaller than the ZHD. Baastamoinen

with GPTinput model had the largest maximum ZWD differencel@1.0mm at SNLB,
while the EGNOS model provided the smallest maximum ZWD difference was of

87.7mm at SNSU.

The UNB3m modetas found to preide ZTD time series for SNTR with the smallest
mean and median biasvhile the EENOS model provides the smallest RMB the

range of ZTD differences from UNB3m is examined, the weakness in the models is
highlighted with only 40% of ZTD estimatestn £15mm of the referencevalues

The UNB3m model has a maximum ZTD difference of 18¢h;lthis can lead to an

error three times this value in the height component of a relative solu¢®enterre,

1991) The propagation of errors from the modelled ZTD into kinen@NS Selative
positioningand the consequence of estimating the residual tropospheric delay into

the accuracy of the height will be asses$adher in Chapter 8.
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The provision of measements of atmospheric water vapour is a key requirement in
meteorology and climate studies, with the highly variable spatial and temporal
distribution of water vapour directly impacting precipitation patterns and energy
transfer in the atmosphere. To prove the ability of NWM to forecast precipitation,
accurate atmospheric water vapour measurements are required for assimilation,
particularly in otherwise datsparse areas where NWM precipitation performance is
limited, such as deserts, mountains and acs. Previous studiéBakeret al., 2001;
SmithetalX H nn T T et\al, 20L1§havé duggestethat a PWV measurement
accuracy approaching 42 mm is desiable for improving NWMs. Thihapter
assessethe potential of kinematic GNS#er a range of altitudes to measure PWV,
by comparingestimates of ZWb the tropospheric comparators outlined in Chapter
5.

A recent development in kinematic PPP has been the inclusion of GLONASS as well as
GPS observations. The use of a combined system solution e&fidiahdue to
increased redundancy and the increased chance of good satellite geometry, especially
in high latitude areas and those with an obstructed sky view, andatsmreduce
solution convergence timg€ai and Gao, 43). The use of a mullystemkinematic

GNSS solution to retrieve ZTD has been examined overh@@4period inMartin

(2013) using two GNSS stations on stable platformsth contrasting ZWD daily
variations. However, to date there has not been a comprehensive assessment of ZWD
retrieval from a multisystemkinematic GNSS solution using @NSS station on a
moving plaform. The purpose of this chaptes therefore to assess the retrieval of
ZWD using an extensive kinematic GNSS data set, collected over a range of altitudes
as experiencedn airborne GNSSather than at sea level only as used in previous

publications based on shipborne experiments.
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To allow a rigorous assessment to be undertaken, GNS$dstaeercollected from

a GNSS station onraoving platform(SNTR with a repeatable trajectoryover a

50 day period, during which a range of meteorological conditions were experienced
as described in Chapter 4. The use of interpolated ZWD tin@rGNSS stations on
stable platformsat the extremities of the trajectory and the use atigh resolution
NWM, both detailed in Chapter Shouldenable quality control of th& WD estimates
from the kinematic GNSS solution$n this respectthe use ofboth absoluteGNSS

with multiple GNSS (combined GPS and NAES observationgdnd GPSonly

solutionsis examinedtogether with results from relativ&NSS

7.1. GNSS processing strategy

Three kinematic GNSS solutionsyo PPP and the othedouble-difference are
compared to the reference ZWAzaluesfor SNTR outlined in Chapter 5. Sectfoh
first describes these kinemati@NSSolutions and theiiZWD estimation methods,

including the tuning of process noisalues used in theolutions.

7.1.1. KinematidPPP

Dual GNSS (GPS+GLONASS) andnBRfata was processed usitige PPP software
PPPNCdeveloped irhouse(Martin, 2013) which uses an extended Kalmanefilto
process a timeordered stream of carrier phase and code pseudorange observations
and satellite data, estimating receiver positiomsceiverclocks and ZWD as time
varying randorrawalk parameters, and reafalued carrier phase biases and the
GPSGLOMSS system time offset as constant parameters. The ionosiiteere
observations were processed at asécond interval with ESA final orbits and clocks
held fixed, a positional process noise ahk%°and a ZWD process noise of tins

05 Thetropospheric and positional process noise valused in the study werfirst
optimised by tuning a M™ay subset of the ZWD estimates for SNiidkn PPPNCL
against the GIPSh¥ased interpolated reference ZWD%$he RMS, standard deviation

and median of ZWD digérences from theropospheric noise values tested between
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day of year 253 259 are displayed iffable7-1. Due to the similar RMS, standard
deviation and median of ZWD differences using atmospheric process noigss val
0.1mms%%and 0.2mms??, solutionswere analysed over the entire dataset for these
values. The resulting RMS, standard deviation and median differences listEabie

7-2 indicatethat the optimal ZWD proceswise for the dataset is Orhm s°5,

Table7-1. RMS, standard deviation and median of the differences between ZWDs
estimated from kinematic GPS+GLONASS My PPPNClith a range of
tropospheric process noise and the interpolated GiB&¥edreference values for
SNTR for DOY 25259 2011. All quantities are expressed in mm (solutions were
computed with the IGS 05 antenna files).

SNTR
RMS STD Median
Tropo. Pro. noise 0.05 ¢ i °© 12.8 12.8 0.4
Tropa. Pro. noise 0.&r & 8 10.6 10.7 1.6
Tropo. Pro. noise 0@ & i 8 10.6 10.6 1.6
Tropo. Pro. noise 0é & i 8 13.3 13.3 1.3

Table7-2. RMS, standard deviation and median of the differences between ZWDs
estimated from kinematic GPS+GLONASS &y PPPNClith a range of
tropospheric proces noise and the interpolated GIR&fivedreference values for
SNTR for DOY 24®89 2011. All quantities are expressed in mm (solutions were
computed with IGS 05 antenna files, therefore results dffiem Table7-5which used
IGS08 antenna filg¢s

SNTR
RMS STD Median
Tropo. Pro. noise 0. ai 8 12.1 12.1 1.9
Tropo. Pro. noise 0.2t ai 8 14.1 14.0 2.9

The Global Mapping Function (GMBpehmet al., 2006a)was used to map slant
tropospheric delays to the zenith, with an elevation cut off angle»f The results
were post-processed with backmoothing, that was implemented into the PREL
software following the method outlined itHofmannWellenhof et al. (2007) A

pseudoreaktime approach could not be implemented because the railway track is
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7. Validation of ZWD estimation from kinematic GNSS at a range of altitudes

bordered by trees for a small section near SNuBsmg loss of lock, and so a forward

only solution does not converge for the majority of each trajectory

7.1.2. Kinematiaouble differencing

A doubledifference solution wasalso obtained at a 1secondA y 0 SNl ft FNRY
GAMIT/GLOBK module Track, version {G#en, 1998; Herringt al., 2010) ESA fial

orbits were held fixed, and coordinates and ZWD estimatedguGNF with a cut off

I v 3 S(the default xalue of relative humidity in the GMF was altered from 0 to

0.5, similar to an update available in Track version 1.27), and elevation angle
deperdent observation weighting usedA position process noise of M s%° was

applied, and a ZWD process noise of On@rh s%° plus 0.23mm s%° per m s? of

vertical sped. As with the PPP solution, a basikoother was applied and the applied
process noise values were tuned from dag subset of the reference ZWD estimates

for SNTRTherange of testedropospheric process noise values are includetkible

7-3. A levered troposphere approach was used, witHooated pressure derived
reference ZHD and GIP&¥érived reference ZWD values at the fixed end of the
baseline being fed into the solution. To do this, Track was moddieddept separate

ZHD and ZWD values, and to use the hydrostatic and wet GMF respectively with these
input delays. Because Track does not process GLONASS data, only the GPS (L1 and L2
carrier phase, and C/A and P2 pseudoranges) observables were usetll ahe L2

carrier phase signals were combined linearly to mitigiterderionospheric effects,

and doubledifference carrier phase ambiguities were resolved to integer values using

a widelane linear combination.
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Table 7-3. RMS, standard deviation and median of the differences between ZWDs
estimated from kinematic&GPSonly double differencingusing Trackvith a range of
tropospheric process nasand the interpolated GIPS¥rivedreference values for
SNTR for DOY 25259 2011.All quantities are expressed in mm.

SNTR
RMS STD Median
Tropo. Pro. noise 0.004 & i 8 16.0 16.1 0.7
Tropa. Pro. noise 0.0 ai @ 15.8 15.9 0.7
Tropa. Pro. noise 0.06 ai @ 21.4 21.5 1.7

7.2. Performancef kinematic GNS8 SNLB and SNSU

EstimatedZWDs from each of the three kinematic GNN8I8tions(GPS+GLONASSR
GPSonly PPPGP$only double differenciny were compared to the GIP$¥érived
reference values at 1hkinute intervals for the S5@lay data sparat the two GNSS
stations on stable platforméSNLB and SNBUZWD derived from a higlesdution

NWM, the Met Office Unified Model, was also compared which is completely
independent of the Snowdon GNSS data. For each technique tested, ZWD difference
values greater than five times the mean absolute deviation were considered outliers
and excludd from the analysis, with the proportion of outliers not exceeding 0.7%,
except for the long baselin&PSonly double differeneng solution (described in
section7.3) for which it was up to 2.2%. TREP solutionwere obtained asf for a
moving platform, using the process settings outlined in sectioh.1 For theGPS

only double differening solution SNLB and SNSU were processed relative to each
other, with the station of interest being processed asoif a moving platfornand the
alternatestation being held fixeds per a stable platformTheuse ofSNLB and SNSU
shouldallow benchmarking of the optimal performamof the methods at the vertical
extremities of the experimental domain, but in an idsadl situation lacking vehicle
dynamics (and less multipath than that experienced by SNTR). The quality of each of
the methods is illustrate@s differences in estimed ZWD from the reference values
over the entire data setirf Figure7-1), andfor a sample 5 day period that experiences

a large variation in ZWDn Figure7-2). The RMS, standard deviations, and median
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differences of the estimates, with respect to the reference valuesatsedisplayed

in Table7-4.
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Figure7-1. ZWD differencebetweenthe estimatiors from kinematic GPS+GLONASS
PPP, kinematic GRly PPP, kinematiGFSonly double differencingand Unified
Model, and the GIPSd€erivedreference values for SNLB (left pane) and SNSU (right
pane).

SNLB SNSU

ZWD {mm
ZWD {mm

5844 245 246 247 248 249 344 245 246 247 248 249
Day of 2011 Day of 2011

Figure7-2. ZWD differences between the estimations fré&tmematic GPS+GLONASS
PPP (blue), kinematic GBSy PPP (magenta)kinematic GP®nly double
differencing(green), and Unified Masl (red),and the GIPS¥erived reference values
for the SNLB and SNSU on DOY 2248 of 2011 (upper panes). Lower panes show
the ZWD time series fagach estimation method and the reference valibkck)
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Table 7-4. RMS, standard deviation and median of the differences between ZWDs
estimated from kinematic GPS+GLONASS PPP, kinematmni@H5PP, kinematic
GP$%only double differencing (DD)nd Unified Model with respect to th&IPSY
derivedreference values, @NLB and SNSWII quantities are expressed in mm.

SNLB SNSU
RMS STD Median RMS STD Median
Kinematic GPS+GLONASS AP 7.7 7.4 2.1 6.4 5.4 3.4
Kinematic GPSonly PPP 8.4 8.2 2.5 7.5 6.3 3.8
Kinematic GPSnly DD 5.3 4.7 2.2 5.3 4.6 2.3
Unified Model 11.0 11.0 -0.5 11.0 10.2 3.5

The ZWD differences fomematic GPS+GLONASS §titiwv standad deviations and
RMS values between 5.4 and #im, and biases between 2.1 and 3, when
estimated at aGNSS station on a stable platfgrhis is an improvement othe
12-18mm ZWD RMS agreements of previous-ihymamic shipbornstudies(Rocken

et al, 1995; Bonifacet al,, 2012) In fact, he kinematic PPP solutishavean RMS,
standard deviation and bias almost commensurate with those from static PPP
solutions, even though someedradation might be expected, due to the weakened
geometry caused by unknown receiver dynamics. Furthermore, the\RME8s are
very similar (within 23 mm, or 0.5mm PWYV) to those fdkinematic GP$nly double
differencing suggestinghat the absolute GNSSsolutions are comparable tothe
relative GNSSolution with a moderately short (46n) baseline. NWM differences of
11.0mm RMSare commensurate with previous studi€Skoneet al., 2006; Boniface

et al,, 2012) and demonstrate the ability of the NWM to be used as a quality control
for the kinematic GNSS estimate§ ZWDalong the trajectory. However, these
differences are larger thathose forthe PPP andlouble-differenceestimates, which
suggest that even this higiesolution model (the driving UK4 model) could benefit
from the assimilation of GNSfsed ZWD.

7.3. Performancef kinematic GNS$ SNTR

EstimatedZWDsfrom each of thehree kinematic GNS®lutions (GPS+GLONASS PPP
GPSonly PPP, and GR&ly doubledifference and from the Unifiedviodel were
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7. Validation of ZWD estimation from kinematic GNSS at a range of altitudes

compared to the GIPS¥¢erived reference valueat 15minute intervalsat the GNSS
station on a moving platform (SNTR)ue to equipmendifficulties, no SNTR data was
collected between day of ye&70- 280. TheRMS, standard deviations and medians
of the differences in ZWM@ith respect to the reference valuese listed inTable7-5.
Differences were only included in the statistical analysis if they were recorded under
truly kinematic condions, i.e. when SNTR wasving whenoutside of the Llanberis

and Snowdon summit railwetgrmini at which it made lengthy stops (occasional brief
pauses at intermediate stations were neglected). Estima@D for SNTR and the
interpolated reference values, and their differencase shown for a sample day (day

of year264) inFigure7-3. The correlations between the estimates and the reference

values caralsobe seen irFigure7-4.

Table7-5. RMS, standard deviation and median of the differences between ZWDs
estimated from kinematic GPS+GLONASS PPP, kinematmni@HSP, kinematic
GP$%only double differencingthe Unified Model and the interpolated GIR&fived
reference values for SNTRII quantities are expressed in mm.

SNTR
RMS STD Median
Kinematic GPS+GLONASS PPP 11.6 11.6 1.8
Kinematic @®Sonly PPP 16.2 15.3 4.9
Kinematic GPSnly DD 12.1 11.8 2.6
Unified Model 10.8 9.4 4.8
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09:00 12:00 15:00

2011 DOY 264
Figure7-3. Top: ZWD time series on sample 2011 264 obtained from kinematic
GPS+GLONASS PPP (blue), kinematio®PE8PP (magentakinematic GP®8nly
double differencindgreen),and Unified Model (red) for SNTR, and the GH&ved
interpolated reference ZWmalues(grey with crossg at comparison epochs). Middle:
differences between each estimation method and the reference ZWD. Bottom: height
of SNTR above mean sea level.
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Figure7-4. Correlation between ZWBstimated by each method and the interpolated

reference values.Upper left: kinematic GPS+GLONASS PPP; Upper right: Kinematic

GP$%only PPP; Lower lekinematic GP®nlydouble differencingLower right: Urfied
Model.

The ZWD difference fdkinematic GPS+GLONASS R&B¥ an RMS of 11.6 mm
(correlation coefficient of 0.945)which isat least commensurate with previous
shipborne studies Kinematic GPSnly double differencingprovides similar accuracy
to kinematic GPS+GLONASS PPP, with an RMS agreement ofini2[dut it is
important to note that this is an optimal setup for relati@NSSwith a maximum
baseline length of 6.km such as is not routinely available for airboBRSS When
the same comparison was mafle a kinematic GR8nly double-differencesoluion
relative to the nearest Ordnance Surv&GNSS statioASAP (situated at a height
above sea level of 5@, similar to SNLB, but 4%n away), there was a reduction in
the RMS agreement to 28im. Processing relative to multipleS CGNSSations
(ASAP and ADAR) yielded an RiNf8rence of 19.2nm, an improvemenbvera single
long baselinebut still not as good as PPPThe RMSbetween the NWM and the

interpolated GIPS¥erivedreference values is 11rfm, commensurate with the SNLB
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and SNSU validationghis gives further confidence in the quality of the interpolated
reference valueslt can also be noted that there is no estimatiof the tropospheric
delay from the GNSlution, the empiricalropospheic model ofSaastamoinemith
GPT nput only providesan RMS, standard deviation, and median of 9B,
36.3mm, and-85.4 mm respectively which are significantly worse than any of the

estimates of ZWD

To assess any variation in the performance of the different ZWD estimation methods
with height, the ZWD difference statistics were computed in &@DBeight bins, and

the RMS differences are shownkimgure7-5. There is no obvious degradation with
height for any of the three methods. This provides fertvalidation of the NWM as

a control in the experiment, and indicates the potential for using kinematic GNSS

estimatesof ZWDnot just from ships and grourbased vehicles but also aircraft.

Figure7-5. ZWD RMS differences (in 1@0Cellipsoidal height bins) between the GIPSY
derived reference ZWD and each of the estimation methodskinematic
GPS+GLONASS PPP (blue), KinematiorBPBPP (mageaj, kinematic GP®nly
double differencindgreen), Unified Model (red).

As allprevious shipborne studies of kinematic PEdmates of ZWhised GP®nly,

the difference betweenkinematic GPSnly and combined GPS+GLONASH?
solutions is now considered. SNLB and SNSU, neither solution provided a notable
improvement over the other, with RMS and median agreements betwkaeamatic

GP&only and GPS+GLONASSsolutions ofup to 1.1 mm and 0.4mm respectvely.
However, it is important to note that theseNSS statiormeatWOf S yQ aAa iSasx
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sky views, and so the improved satellite geometry of a GPS+GLONASS solution is

expected to have less impact.

The RMS, standard deviation and medlDdifferencesrom theinterpolated SNTR
reference valuesfor kinematicGPSonly and GPSH®NAS®PPare displayed in
Figure7-6 for each day of the complete 5fay dataset. As was showim Table7-5,
kinematic GP®nly PPP has a total RMS, standard deviation, and median difference of
16.2mm, 15.3mm, 4.9mm respectively and a correlation coefficient of 0.906 with
respect to the interpolated reference. In thisspect,the kinematic GP®nly PPP
solution collected over a range of heights is closely comparable to previous shipborne
studies such a8onifaceet al. (2012) and Rockenet al. (2005) The inclusion of
GLONASS offers appreciable improvement, with a correlation coefficient of 0.945 and
anRMS, standard deviation, and meddifferenceof 11.6mm, 11.6mm, and 1.8nm;
equating to an RMS PWYV agreement of aroumdr2. Such an improvement is likely
due to the higher number of visible satellites, coupled with a better distribution of
these satellites, resulting in more reddancy in the solution. This suggests that a
combined GPS+GLONASS solution should be adopted for the optimal kin@iN&&

estimation of ZWD.
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Figure7-6. Daily RMS, standard deviation, and median of the differences between the
interpolated reference ZWD at SNTR, and estimates from a kinematic GPS+GLONASS
PPP solution (blue squares) and a kinematic -@Hs PPP solution (magenta
triangles). RMS, standardieviation and median values for the entire dataset are
represented by dashed lines (GPS+GLONASS, bluen{yP®agenta).

To bring further confidenct the statementthat a GPSGLONASS solution should be
adopted in kinematiGNS$or ZWDestimation the multi GNSS compatiagicGNSS
kinematic PPPsoftware ZWD estimations were compared to the GiB&¥ed
reference values. The web version of MagicGNSS was used with the default process
noise and atmosphér settingsfor the aeronautical mode. GPS+GLONASS, and
GP$%only 1 Hz PPPsolutions were compted for SNTR for the period day of year
253- 259. The RMS, standard deviation, and median of ZWD differences for the
MagicGNS&inematic PPRolutions, as wk as for PPPNCL solutions over the same

period are displayeth Table7-6.
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Table7-6. RMS, standard deviation and mediahtbe differences between ZWDs
estimated from PPPNCL kinematic GPS+GLONASS PPP, PPPNCL kinemalyc GPS
PPP,MagicGNSS kinematic GPS+GLONASSwWw#RAPdefault atmospheric noisg
MagicGNSS kinematic G&38y PPP(with default atmospheric noise)and the
interpolated GIPS¥erivedreference values for SNTR for DOY 2239 2011. All
guantities are expressed in mm.

SNTR
RMS STD Median
PPPNCL kinematic GPS+GLONAS%P 10.6 10.7 0.8
PPPNCL kinematic GR8nly PPP 16.1 15.1 4.6
MagicGNSS kinematic GPS+GLONASSP 14.2 13.6 -3.6
MagicGNSS kinematic GR8nly PPP 18.4 17.4 -4.9

The MagicGNS8nematic GPS+GLONASS &#ttions showan improvement over
the GPSnly PPPsolution from the same software, with smaller BMstandard
deviation and median values seeriThe extent of the improvement in the RMS of
4.2mm is similar to the improvement seen in the PPPNCL solutions ofirs.bver

the same 6day period. Due to the lack of processing options available to set in
MagicGNSS$he PPPsolutions could not be tuneds they carior PPPNCL. Therefore
comparisons between thee softwares were not further investigated but an
improvemert from a kinematic GPS+GLONASSsBREon over akinematic GP®8nly

PPPsolutionwas clearly demonstrated and confirmedseparate software packages.

7.4. Conclusion

Over a 5e&day period, multiple ZWD astation techniques usinginematicGNS®n a
moving platform undergoing nearly km of height change per trajectory were
compared and validated using an interpolated reference ZWD derived from static GPS,
and a high resolution NWM. The RMS ZWD differdmetween the NWM and the
GIPSXerivedreference ZWD is 10rf@&m, demonstrating the high quality of the high
resolution Unified Model, and its value as a control in the experimenprovemens
in kinemaic GNSSave alsobeen shown, with thekinematic GPS+GLONASPP
solution showing an RMS agreement in ZWD of Ithr6 compared to 16.2nm for

the kinematicGPSonly PPPsolution, with respect to the reference ZWRlues
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KinematicGPS+GLONASSPBtimates oZWDalsoshowsimilar RMS agreements to
short-baseline GPSonly double differencing with respect to the reference ZWD
(within 2.5mm PWV, 11.6 12.1mm ZWD).Furthermore, vihen baseline lengths of
40 - 50 km were testedthat are more representative of kinemat&NSSor sea and
airbornevehicles, the PWV agreement worsened by around 1.6mm. This clearly
illustrates the high quality 6 absolute GNS#®hich has other advantages in being
applicable globallywithout the need for GNSS stations on stablitforms,suggesing
that akinematic GPS+GLONASS solutiors a very viableption for collecting PWV

data frommoving platforms

A major use of a PWV product derived from kinematic GNSS would be to constrain
NWMs. The NWM used in this experiment offered good agreement to the kinematic
GNSSolutionsand the reference valuesdut it should be noted that the model is
operating in an area with dense meteorological measurements and in a post
procesed setting. The impact of assimilating GNi88ved estimates into NWMs is

an ongoing field of studyGutmanet al., 2004; Polet al, 2007; Macphersomet al,,
2008; Bennitt and Jupp, 201But has shown the potstial to improve weather
forecasting. The timeliness requirements for assimilation into operational NWMs
would require predicted orbit and clock products to be used as opposed to final
products. Comparisons of near reime ZTD observations toopt-processed ZTDs
using find orbit and clock products shosome degradation in ZTD accurdB®pusa

and Bennitt, 2013)therefore further study is required to assess the quality of ZWD
estimates usingkinematic GNSSwith predicted orbits and clocks.Even so, the
availability ofPWV measurementisased on kinematic GN@&San accuracy of thm

or better could beusedto improve predictions from NWM and in the calibration of
satellite microwave instruments, with particular advantagessparsely populated
areas that serve as major air/sea transport routes and for very high resolution NWMs

in the vicinity of major airports.

¢CKS STFSOG 2F SaildAYFiAy3a (GKS GNP L®DELKSNA
be investigated in Chapter 8.
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kinematicGNS$ositioning

Kinematic GNS@ositioningallows the geereferencing of sensors used in airborne
mapping and monitoring. The use of LIDAR and giratometry in applications such
as high resolution terrain modelling for flood modelling, coastal monitoring,
glacier/ice sheet profiling and highay levelling requiresub-decimetre height
accuracy(Middleton et al,, 2013) a similar accuracy tbIDAR range measurements
(Liu, 2008) To provide the required accuracies for geterencing purposes either

double-differencepositioningor PPP can be used

For short baselines (¥0- 20 km) thedouble-differencepositioningapproach can be
consideredto mitigate the same errorexperienced at thewo GNSS stationsFor
airborne platformsthat operate at a range of heightshis results in a difference in
atmospherc conditions (variation in pressure, temperature, and humidity) with
height, and therefore a difference in tropospheric delay at esietion. Due to this
difference in tropospheric delay experienced at the airbonmeving platform
empirical tropospheric models such as those tested in Chafter parameterisation

of the tropospheric delay as shown in Chapterare required so that variations in
delay may be mitigated to minimise error in height. KoematicPPRany error in the
prediction of the tropospheric delay will propagate directly into the positional error;

its mitigation is therefore crucial to achieve the highest accuracy.

The SMR GNSS data set outlined in Chapter 4 allowsdpberic delay mitigation
strategies such as empirical models and tropospheric estimation used in relative and
absolute airborne GNSS to be assessed. The numerous repeated trajectories
experiencing a range of tropospheric conditions over an aléttahg of ~1km make

the experimental design suitable for testing different tropospheric mitigation
strategies for kinematic GN$@sitioning Previous studies have lacked a reliable

reference trajectory to tesheight accuracy from a truly kinematic dataset over a
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range of heights. The effectiveness of mitigating tropospheric delay will be
determined by comparing GNS®sitioning solution heights to the reference

trajectory as outlined in Chapter 4.

This chapter irvestigates theheight accurag for relative GNSSpositioning using
kinematic doubledifference positioning with empirical models to mitigate
tropospheric delay in section 8.1 and 8.2, and estimating the tropospheric delay in
section 8.3. The consequence of empirically modelling and estimating the
tropospheric delay orneightaccuracy imbsolute GNSS positioning uskigematic

PPP is addressed in section 8.4. The use ofoBlfSompared to GPS+GLONASS
observations in kiematic PPP are analysed in section 8/Binally a comparison
between the kinematic GNSS techniques of PPP gouble-differencepositioningis

undertaken in section 8.6.

8.1.Kinematic doubledifference posiioning height accuracyusing empirical

tropospheric models

Commercialkinematic GNSositioning software packages capable efipporting
airborne GNSS positionisgich as Leica Geomatics Office, and TenTldtal Control,

do not parameterise tropospheric delaynstead, they rely odoubledifferencing and
empirical models which are functions of latitude, height, and (in more modern models)
day of year. The models therefore cem predict the changes in delay due to the

highly variable nature of th'oposphere, as was demonstrated in Chapter 6.

Previous studies (e.g. Tiemewtal.,1994; Shi and Cannon, 19%&ve demonstrated
that the bias in height is correlated with the difference in height betw&&NSS
stationsin double-differencepositioningsolutions The magnitude of the height bias
from the use of empiricalbpospheric models haasobeen investigated over a range
of heights (e.g. Shaet al. (2007) King (2009), Zhaet al. 009)). Shanet al. (2007)
computed 11 kinematic double-difference positioning solutions relative to 11

different reference stations situated over a krh altitude range for a ~Aour flight
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in South California and found a 2t deviation in height between solutien The bias
Ay (GKS az2fdziAzyQa KSAIKIG o006Al & O2YLMzi SR
solutions) was shown to be linearly correlated to the altitude of the referenceostsiti
A GPS height bias of 0.0.3m in mountainous areas (UK and the Euraplps)Yor
GNSS stations on stable platforprocessed in a kinematic moaeas demonstrated

by King (2009)

In this thesis aumberof empirical tropospheric models, including EGNCO&Iins and
Langley, 1997)UNB3m(Leandroet al, 2008) SaastamoineiiSaastamoinen, 1972)
and Modified Saastamoinen (i.e. Saastamoinen but inputting pressure and
temperature fromGPT(Boehmet al, 2007)and GPTZLagleret al, 2013), were
tested. The global mapping functigBoehmet al,, 2007)was used with each model
(including EGNOS and UNB3m which hhee own mapping function); therefore the
ability of the models to account for the zenith delegnbe assessed, resulting from
their ability to account for the meteorological parameters of temperature, pressure,
and relative humidity. The empiricebpospheric modelsvere described and tested
against reference pressure, temperature, and delay values at3N&S stations on
stable and moving platforms for the SMRe in Chapter 6. The models were chosen
due totheir use in commercidinematic GNSfgocessing software aimed at airborne
GNS9ositioning. Relative GPS solutions were computed with Track, version 1.24, at
a one second interval, for each of tkenpiricaltropospheric models IGS final orbits
were held fixed and a positional process noise of 4¢°°was applied.The kinematic
doubledifferencepositioningsolutions were processedith respectto SNLB rather
than SNSU to create a scenario samifo airborne GNSSositioningwhereby the
reference station is at a lower altitude than the airbor@&SSeceiver. The Track
software was modified to include the EGNOS, UNB3m, and GPT2 models, with
orthometric heights (rather than ellipsoidal) used witach model. The empirical
models that do not predict the separation between the geoid and ellipsoidal heights
corrected the ellipsoidal height put by manually applying an offset of ~6h The
default value of relative humidity in the GMF was altefesin 0 to 0.5, similar to an

update available in Track version 1.27. The assessment of each model during a range
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of tropospheric conditions was enabled by the dataset including samples over a 50

day period.

The tropospheric delay is most prevalent in theight component, with the delay
amplifyingby up toa factor of threento the height erro{Santerre, 1991) The height
component will therefore be the focus in determining the extent of the tropospheric
mitigation. The RMS, standard deviation, median, and mean of the height differences
between the reference trajectory and the relative GPS solutions using a range of
empirical tropospherianodels are displayed ifable8-1. Values are comped

between the heights of 25561120m to exclude occasits when SNTR is stationary at

the summit station, and to exclude sections through the wooded section of railway

I NPdzy R GKS [flyoSNRa adlriarazy 6KSNB GKS |
trajectory are degraded. The performance of the tropospheniodels in the height
component of SNTR corresponds to the performance of the models in predicting the
ZTD as shown in Chapter 6. The EGNOS model has the smallest RMS in the differences
in ZTD and height, followed by UNB3m in both cases.

Table8-1. RMS, standard deviation and median of the differences in height between
kinematic GPonly doubledifference positioning solutions using a variety of
empirical troppspheric delay models and the spline generated reference trajectory for
SNTR between the ellipsoidal heights 2568120m. All quantities expressed in
millimetres.

SNTR
RMS STD Median Mean
EGNOS 61 61 -1 -4
UNB3m 71 68 -12 -21
Saastamoinen 79 71 -26 -36
SAAST(GPT) 89 76 -37 -48
SAAST(GPT2) 133 107 -60 -79

Due to the error in height being correlated with the difference in height between
GNSS stationghe height differences from the empirical meld were analysed in

100 m height bins. It can be seen kigure8-1 that the mean and median biases
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increase with height for each model. The extent that the error increases for each

model is not consistent though, witthe Saastamoinen witlPTinput model having

a mean height accuracy e85 mm at 300- 400 m and-72 mm at 1000- 1100 m,

compared to-15mm and 5mm using the EGNOS model respectively. The increase in

error with height from theSaastamoinen wittGPTinput model compared to the

EGNOS model is a consequence of misrepresenting the lapse rates of temperature and

pressure fields in the GPT model.
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Figure8-1. Mean (upper left pane), median (upper right pane), RMS (lower left pane),
and standard deviation (lower right pane) of height accuracy (in hO@llipsoidal
height bins) between the reference trajectory arkinematic GPSonly double
difference positioning solutions using a range of standaeinpirical tropspheric
models for SNTR.

In Chapter 6 the UNB3m modshs seen to have the smallest median bias compared
to the reference tropospheric delay valueddere, he EGNOS model is shown t

provide the best height accuracy with the smallest median bias. The difference
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between the optimal modefor representing the tropospheric delay amdordinate
accuracy is a consequence aduble differencing ovesuch ashort basahe. The
double differencing results in the lapse rate of the model being the defining feature
The median ZTD difference between SNLB and SNTR from thed@iR8dteference
valuesand from the empiricaltroposphericmodels are displayed iRigure8-2, with
the median ZTD differences over the height range showing the same trend as the

median height accuracy rigure8-1.

|
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Figure8-2 ZTD nadian differencesat SNTR between th&IPSYerived reference
valus and the EGNOS (green), UNB3m (blue), Saastamoinen (magneta),
Saastamoinen withGPTinput (red), Saastamoinen withGPT2input (turguoise)
empiricaltropospheric modelsn 100m height bands.

The baseline betweaeSNLB and SNTR does not excdad,Gvhereasn most airborne
GNSS positioningcenarios the baseliniength will be greater than this. SNTR was
therefore processed relative to ASAP, the nea@St CGNSS statitmthe SMR with

a baseline of ~4&m (the locations and distances of the nearest sites are detailed in
Chapter 4 and can be considered typical for the LBy TR was processed relative to
ASAP with the UNB3m tropospheric model and using the same settings arespro
noise values as used for the solutions relative to SNLB. For the longer baseline
solution, the RMS and standard deviation for height accuaaey?33mm and 232nm

respectivelyover height differences of 2561120 m, around three times higher than
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a short baseline. The effect on height over a

longer baseline compared to a shorter baseline is evident in the mean, median, RMS,

and standard deviations of the height

Figure8-3.
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Figure8-3. Mean (upper left pane), median (upper right pane), Ri&¢r left pane),
and standard deviation (lower right pane) of height accuracy (in hO@llipsoidal
height bins) between the reference trajectory arkinematic GPSonly double

differencepositioningsolutions using the UNB3empirical tropspheric model for a

short and long baselin® SNTR.

8.2. Relationship between ZWD lapse rate hamjjhtaccuracy

The effect of the difference in ZWD betweelGAISS station on a stable platfofm

this case SNLB) aadother GNSS station on a stable platfaqi®NSUysing empirical

tropospheric models was investigated following on from Sectionv@xre variations

in the ZWD lapse rate were seen to affect the performance of the modelsstdblish

whether the effect of a change in tropospheric conditions betweee station and
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anothercould be detected, a kinemataouble-difference positioningsolution using
the Saastamoinetropospheric model with input temperature drpressure from GPT
(using the same Track settings used in Se@i@hwas computed for SNSU relative to
SNLB. The processed baseline offers the largest height difference over the test site,
meaning the residual signal sholdd at a maximum, and these of GNSS stations on
stable platformsmeans that the solution should be less noisy. The resulting height
estimates from Track were compared with the GHe8ived coordinates for SNSU,
with 15min samples of differences plotted Higure8-4. The ZWD difference between
SNLB and SNSU are also shown, with a smoothed line of bestfilsing the Matlab
UNI 2S53aaQ ayvyz22idKSN Fdzgh@d2 degreepolyndmialOriodel, NB 3 NJ
with data outside six mean absolute deviations given a zero weighting) fitted through
the height differences. It can be seen that the smoothed fit through the height
differences corresponds to the trend of the ZWD d#fece, with an increase in the
height difference around day of year 252 (corresponding to the larger ZWD difference)
and a decrease in the height difference around day of year 280, when the smallest

lapse rate between SNLB and SNSU occurs.

-140 T T T T 1100

=120+ -180

A ZWD(mm)

60 120

240 250 ZéO 2I7O 250 QéO
DOY of 2011
Figure8-4. Smoothed height accuracy (inverted left axis) frokireematic GP8nly
double-differencepositioningsolution using the Saastamoinanth GPT inputnodel
and GMF mapping function (red). The GH&Yed referenceZWD difference
between SNLB and SNSU is included (green)
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To investigate the effect of variations in the ZWD lapse rate on SNTR the median height
accuracy (bias@ger trajectory (béween ellipsoidal heights 250m1120m) for the
atmospheric models UNB3m and Saastamoinen with GPT for day of year 250 to 255
were examined, and are shown kgure8-5. The difference in the GIP8¥rived
reference ZWD values between the SNLB and SNSU are also included due to
unmitigated tropospheric delay mapping three fold into a height error. The difference
in height (left) axis has been inverted to highlight the effect that a change in
tropospheric conditions can have on theightaccuracy (an underestimation of the
amount of delay will result in a nagve bias). The span day of year 25165 was
chosen due to the largest difference in ZWD between SNLB and SNSU occurring during

this 5 day period.
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Figure8-5. Medianheight accuracybetween reference trajectory ankinematic GPS
only double-difference positioning solutions using the UNB3m tropospheric model
(blue), andSaastamoinen witlGPTinput model (red). The GIPS¥riveddifferences

in ZWD between SNLB and SNSU are included in green.

To highlight the effect of the variation of the ZWD lapag on height quality the
mean height accuracies were plotted against ZWD differences (SISNSU) for
different height bands. To demonstrate the effect only the highestrhi@&ight band
of 1000- 1100m from SNLB, where the residual delagtists maximum, is shown in

Figure8-6.
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Figure8-6. Median height accuracies (infim ZWD bins) beteen the reference
trajectory andkinematic GPSonly double-difference positioning solutions using a
range ofempiricaltropospheric models for SNTR when between ellipsoidal heights of
1000- 1100m.

At the height band of 10001100m anegative trend is seen for each model, and the
greater the difference in ZWD between SNLB and SNSU, the greater the error in height.
There is more than a 56m variation in the height difference between ZWD
differences at 35 40 mm compared to 65 70 mm for each model. The increasing
negative trend would suggest that the lapse rate used in each model under represents
the mean lapse rate of Hmm/950 m for the tropospheric conditions experienced

during the data collection.

8.3. Effect of parameterising dpospheric delay okinematic doubledifference

positioningheight accuracy

In the previous sections (8.1 and 8.2) the limitations of empirical models to predict
high temporal variations of ZTD were highlighted. To mitighte drror in height
caused by residual tropospheric delay in airbo@BISSpositioning there are two
options, to use multiple base stations to interpolate or extrapolate the delay, or to
parameterise the residual delay and estimate its magnitudée method outlined in

Shanet al. (2007)uses the external calibration technique, involving calibrating the
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expected zenith delay and its lapsetadrom the analysis ofroundbased GNSS
stations on stable platforms over a rangé heights. A limitation of the external
calibration technique is that it relies on the presence of suitable topography, and the
availability olsuch GNSS8ations at a range of heights. A more practical and applicable
solution for airborneGNS$ositioning is the direct estimation of delay parametass
part of the solution, similar to the approachsedin static GNSSositoning (e.qg.
Dodsonet al.,1996).

To initially test the effect of parameterising the ZWD, kinemdbable-difference
positioningsolutions were computed for SNSU relatigeSNLB first using an empirical
tropospheric model $aastamoinen witlGPTinput) and secondly estimating the
tropospheric delay. The resulting coordinates from estimating the tropospheric delay,
and modelling the tropospheric delay with the Saastamaiwith GPTinput model
were subtracted fromthe GIPSYierived coordinates for SNSU, and the differences in
height are displayed iRigure8-7. The resulting RMS, standard deviation, median and
mean of the differences are shownTrable8-2. It is evidenthat parameterising the
ZWD improves the solution, with the RMS of the height difference reducing from
97mm to 28mm, and the median height&s from misrepresenting the delay reducing
from -87 mm to -7 mm. The standard deviation of the height difference has also
reduced, suggesting that the short term variations in the ZWD are betteesepted

with parameterisation.
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Figure8-7. Differences in height at SNSU (1065above mean sea levdbetween
GIPSYerived reference coordinates an#linematic GPSonly double-difference
positioning solutions relative to SNLB (116 above mean sea level)sing the
Saastamoinenvith GPT inpumodeland GMF mapping function (red), and using the
same model but with estimating the residual delay (black), sampteti5 minute
interval.

Table8-2. RMS, standard deviation, median, and mean of differences in height for
SNSU between GIR8&rivedreference coordiates and kinematiGPSonly double-
differencepositioning solutions (against SNLB) usihg Saastamoinen with GPT input
model, and using the same model but witkstimation of the residualdelay. All
quantities expressed in millimetres.

SNSU
RMS STD Median Mean
SAAST(GPT) 97 37 -87 -5
SAAST(GPT) with est. 28 27 -7 -8

To further investigate the effect of parameterising the ZWD a smoother was fitted
throughthe 15minutea I YLJX SR RF (Gl dzaAy3 GKS al Gdfl o
is shown inFigure8-8 alongside the difference in ZWD between SNSU and SNLB. It
can be seen that the parameterised ZWD solution magnitude is smallerharicehd

in the difference does not match the ZWD difference between SNSU and SNLB as is

the case when only the tropospheric model is used.
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Figure8-8. Snoothed height differences (top pane) at SNSU flonematic GP8nly
doubledifferencepositioningsolutionsusing the Saastamoinexith GPT inputodel
(red), and using the same model but with estimating the residdelay (black),
compared to the GIPS¥erived reference coordinates. The difference in ZWD
between SNLB and SNSU are included in the lower pane (inverted left axis).

The parameterised ZWD solutions were tested on SNTR using the same method as
Chapter8.1, with theresults between heights of 2551120m displayed inrable8-3.
There is an improvement from the solution parameterising ZWien compared to
using only an empiricatoposphericmodel, with a median ias of-5 mm compared

to -37 mm.

Table8-3. RMS, standard deviation, median, and mean of the differences in height
betweenkinematicGPSonly double-differencepositioningsolutions (with respect to
SNLBUsing the Saastamoinen with GPT input model and using the same model but
estimating theresidualdelay, and the spline generated reference trajectory 8NTR
between the ellipsoidal height 2551120m. All quantitities expressed in millimetres.

SNTR
RMS STD Median Mean
SAAST(GPT) 89 76 -37 -48
SAAST(GPT) with est. 72 71 -5 -4
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In the kinematic GP®nly doubledifference positioning solutons without
parameterising the ZWD, as the difference in height betwidentwo GNSS stations
increases so does the error in height, a consequence of different conditions at each
site and therefore unmitigated residual delay in teuble-differencesolution. The
mean height accuracy for 108 height sections were plotted={gure8-9) between
300 and 1100m for the solution estimating ZWD, and for a solution only using the
Saastanoinen withGPTinput model. The solution estimating ZWD does not degrade
with height, but the solutions with Saastamoinen with GPihput model does.
Histograms of the difference in heighetween the height bands 10001100m are
includedin Figure8-10 and demonstrate the bias that is introduced with the increase

in height separation.
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Figure8-9. Mean height accuracy (in 106 ellipsoidal height bins) between the
reference trajectory andthe kinematic GP8nly doubledifference positioning
solutions estimating the residual tromspheric delay (black) and using the
Saastamoinemwith GPT input moddfed) for SNTR.
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Figure8-10. Histograms of heightauracy at SNTr a height range of 10001100m
between the reference trajgtory and kinematic GPRP&ly doubledifference
positioningsolutionsusing the empiricalroposphericmodels of Saastamoinen with
GPTinput (left pang, and estimating theesidualtropospheric delayright pane)
Each bin size represents &iim of height difference.

=
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The increase in the height error with the increase of the ZWD lapse rate experienced
by each of he empiricaltroposphericmodels as demonstrated irFigure 8-6, is
overcome by parameterising the tropospheric deldigure8-11 shows the median
error in height plotted against #tn ZWD difference between SNLB &MSU for the
height range 1000 1100 m for the Saastamoinen model with GRiput, with and
without parameterisation. When there is a larger variation in conditions betwken

two GNSS stationthe error increaseswhereasparameterising the delay mitigates

the error for a variety of atmospheric conditions.
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Figure8-11. Median haght accuracy (in Bam ZWD differencbinsbetween SNLB and
SNSUY between the reference trajectory ankinematic GP®nly double-difference
positioningsolutionsestimating the residual tropospheric deldiglack)andusing the
Saastamoinen witlsPTinput model (red) for SNTR when between ellipsoidal heights
of 1000- 1100m.

8.4. Effect of parameterising tropospheric delaylkrematic PPP height accuracy

KinematicPPP operates independently of a reference station, so observations cannot
be differenced to remove error sources, which therefore must be modelled or
parameterised. Any error in the mitigation of the troposphericagatherefore maps
directly into a height error. The performance of estimating the tropospheric delay
compared to mitigating the tropospheric delay with an empiricaposphericmodel

is first assessed at th&&NSS stations ortable platforms(SNLB and SN¥U The
PPPNCkinematic PPP softwamas used with GPS+GLONASS observatiomthe
same process hoise and configuration settings as used in Chapter 7 for the solution
estimating the tropospheric delay, with thersa settingsalsoused for the empirical
troposphericmodel solution, except thé&ropospheric process noise was set to zero
leaving only the Saastamoinen with GiRput model to mitigate the tropospheric
delay. The differences in height between the PEBRinematic GPS+GLONASS PPP
solutions and the GIPSMrived reference coordinates for SNLB and SNSU are

displayed irFigure8-12.
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Figure8-12. Height difference at SNLB (left pane) and SNSU (right pane) for a
kinematic GPS+GLONA®PP solution when using the Saastamoinen tropospheric
model with GPT input and GMF mapping function (red), and using the saa g

with estimating the residuatropospheric delay (purple), sampled at 1Binute
interval.

The improvement in estimating theesidual tropospheridelay compared with only

using an empiricaroposphericmodel is clearasan obvious bias ariseshen using

the empiricaltroposphericmodel resulting in up t00.8 m variation of the error in
height. The magnitude of the error is greater at SNLB compared with SNSU as can be
seen in the RMS, standard deviation, median and mean differences dktail@ble

8-4. The larger bias at SNLB is due to the lower altitude of the site and the greater

amount of tropospheric delay experienced at the site.
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Table8-4. RMS, standard deviation and median of the differences in, Easting, Northing
and height between a kinemat6PS+GLONABBPsolution using the Saastamoinen
with GPTinput model, and estimatio of residual tropospheric delagompared to the
GIPSXerived reference height for SNLB and SNSAIll quantitities expressed in
millimetres.

SNLB SNSU

RMS STD Median Mean RMS STD Median  Mean
model E 46 45 8 9 33 33 2 4
estimated E 16 15 -4 -6 15 14 -4 -5
model N 52 52 -2 0 37 37 -2 0
estimated N 13 13 3 2 14 14 1
model U 412 164 354 378 304 158 228 259
estimated U 34 34 0 1 30 30 -1 0

The coordinate accuracy of th&nematic GPS+GLONA®PP solutions were then
tested at SNTRhrough comparisorio the referencetrajectory. The RMS, standard
deviation, median, and mean differences in height over a height range of2ZE)m

are displayed imable8-5. The height errors with respect to the reference trajectory
are larger from th&GNSS station on a moviptatform, compared to theGNSS stations

on stable platforms whemstimating theresidualtropospheric dedy, a result of the
increase in noise introduced from the dynamics experienced by the receiver.
Whereas the RMS, standard deviation, median and méaight accuraciefom the
empirical modelsolution for SNTR are of a similar magnitude to the values
experienced at SNLB and SNSU. The limitation of mitigating the tropospheric delay
with only an empirical model over a range of heights is evidemigare8-13, with

any change in the statistics due to thecdaversGheight negligible compared to the

magnitude of the statistics.
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Table8-5. RMS, standard deviation and median of the differences in height between
kinematic GPS+GLONABBPsolutionsusingthe Saastamoinen with GPT inpubdel

and estimating residual tropospheric delayith respect tothe referencetrajectory

for SNTR betwen the ellipsoidal height 2551120 m. All quantitities expressed in
millimetres.

SNTR
RMS STD Median Mean
PPPNCL model only 331 157 261 291
PPPNCL model + est 78 72 24 29
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Figure8-13. Mean (upper left pane), median (upper right pane), RMS (lower left
pane), and standard deviation (lower right pane) of height accuracy (inni00
ellipsoidal height bins) between theference trajectory anéinematicGPS+GLONASS
PPPsolutions using th&aastamoineiGPTinput model andwith parameterisation of
tropospheric delay for SNTR.

The error in height is correlated with the increase in ZWD for the solution usiyg o
the empiricaltroposphericmodel, as can be seen froRigure8-14. The median ear
between the heights of 1000 1100m increases from 0.Z3m when the ZWD is
between 20-40mm,to 0.517m when between 160180mm. When the tropospheric
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delay is parameterised in thanematic GPS+GLONASS solution the variation in
the error with height over a range of ZWDnglitions is between 3nm at 20- 40mm

Z\WD to 20nm between 166 180mm ZWD.
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Figure8-14. Median height accuracy (in 20m ZWD bins) between the reference
trajectory andkinematic GPS+GLONA®®Psolutions estimating the atmospheric

delay (purple), andsing theSaastamoinen witsPTinput model(red) for SNTR when
between ellipsoidal heights of 100@.100m.

8.5. Effect ofmultiple GNS®n kinematic PPP height accuracy

The use of multiple GNSS (GPS+GLONASSP&ndly observations in kinematic PPP

is assessedn terms of heightaccuracy in this section, following on from the
comparison for estimating tropospheric delay in Chapter 7. The use of multiple GNSSs
increases the availability of obsetians, and provides the potential to improve
positional accuracy. Previougtudies (Martin, 2013) did not seea significant
improvement with the inclusion of GLONASS for converged solutibosgh these

were tested at IGStationswith nearideal open sky viewsCai and Gao (2018)und

an improvement in kinematicGNSSsolutions testedat GNSS stations onaile
platformswith the inclusion of GLONASS observations, when the geometry of the GPS
distribution is poor and when the number of visible GPS satellites is low. A 25%

improvement in the accuracy of height component l@sobeen demonstrated by
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Choyet al. (2013)from akinematicGPS+GLONASS solution compared to aoBlyS
solution for an aircraft dataset when compared tokamematic double-difference
positioningsolution, with the improvement increasing to 49% with limited satellite

availability (by increasing the elevation cut off angle from 5 °to 15°).

The kinemati®PPsolutions were initially tested at SNLB and SNSU and axadpvith

the reference coordinates generated froBIPSYasdescribed in Chaptet, with the
resulting statistics displayed ifable8-6. ThekinematicGPS+GLONABBPsolution
has a smaller average Fvand standard deviatioat the two stationsof 32 mm
compared to thekinematic GPSonly PPP solutionaverage RMS and standard
deviation of 38mm. The average mean amaedian differences for SNLB and SNSU
are greater for tie kinematicGPSonly PPPsolution:-6 and-5 mm compared tel and

1 mm respectively. The performance of kinematic PPP atel@NSS stations on
stable platformgrovides a benchmark of the available accuracy. A standard deviation
of 3cm to 4cm for the precision of height faxkinematic PPRBolutionis of similatin
magnitude to previous wor{Vartin, 2013)with PPPNCL, and alternative PPP software
packages such as NRGantested inChoyet al. (2013)

Table8-6. RMS, standdrdeviation, median, and mean of the differences in height
between PPPNCkinematicGPSonly and GPS+GLONAS® solutionsand GIPSY
derivedreference height for SNLB and SN3U quantitities expressgin millimetres.

SNLB SNSU
RMS STD Median Mean RMS STD Median Mean
GPS+GLONASS 34 34 0 1 30 30 -1 0
GPSonly 42 42 -4 -3 34 34 -7 -6

To further test the performance of kinemat@PS+GLONASS and -Gi$ PPP,
solutions were computed fothe GNSS station on a moving platform (SNBRY
assessed against the reference trajectory. The RMS, standard deviation, median, and
mean differences in height over a height range of 23320m from thekinematic
GPS+GLONASS and -Gi$ PPPsolutiorns are displayed imable8-7. Over the
ellipsoidal height range d255- 1120 m the kinematic GPS+GLONA®8Psolution
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provides an RMS of #8m, an improvement of 5nm on thekinematicGPSonly PPP
solution. The mediaand mean differences are smaller for tkmmematicGPSonly
PPPsolution over the 863n height range. When the accuracies for the two solutions
are compared over a range of heights, as displayé&tgare3-15a heigh dependence
is evident in the mean and median of the 180height bands from thé&inematic
GP%only PPPsolution. The mean from thiinematicGP Sonly PPPsolution varies by
45mm, from 7mm at 300- 400m to-38 mm at 1000- 1100m. The mean and median
differences in height from the GPS+GLONASS solution vary less over the height range

Table8-7. RMS, standard deviation and median of the differences irhhbigtween
PPPNCkinematicPPPsolutionsusingGPS+GLONA&S GP$nly and thereference
trajectory for SNTR bewen the ellipsoidal heigbtof255- 1120m. All quantitities
expressed in millimees.

SNTR
RMS STD Median Mean
GPSonly 129 128 -10 -13
GPS+GLONASS 78 72 24 29
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Figure8-15. Mean (upper left pane), median (upper right pan®MS (lower left
pane), and standard deviation (lower right pane) of height accuracy (inni00
ellipsoidal height bins) between the reference trajectory &#IPNCL kinematRPP
solutions usingsPS+GLONA&S] GP®nlyfor SNTR.

The distribuion of the height accuracy frothe PPPNCL kinemaGPS+GLONASS and
GP$%only solutions for teights of 300- 400 m and 1000- 1100m are shown in the
histograms ofFigure 8-16 and Figure 8-17. It is evident that thekinematic
GPS+GLONABBRsolution provides a higher precision thakinematicGPSonly PPP
solution, with a reduction of 56% in the standard deviation. THi@ematic
GPS+GLONA®®PPsolution provides a more corséent mean height accuracy of
~30 mm, while there is a height dependent bias in tkimematic GPSonly PPP

solution.
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Figure8-16. Histograms of heightcauracy at SNTBetween a height range of
300 - 400 m from PPPNCkinematic GPS+GLONASS (left) and-G#hg (right) PPP

solutionsand the reference trajectory. Each bin size representsn2® of height

difference.
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Figure8-17. Histograms of height accuracy at SN¥Rwveen a height range of
1000- 1100m from PPPNCkinematicGPS+GLONASS (left) and-Gis (right)PPP
solutionsand the reference trajectory. Each bin size representsn2® of height
difference.

To investigate where the improvements from the inclusion of GLONASS observations
in a PPP solution occur, the height accuracy from PPEdQjtarel with the number

of GPS satellites used in a solution were analysed. The number of satellites used in
the kinematicGPSonly PPPsolution was defined by the number of phase observables
per epoch. The epochs of the observations for each GPS satelliteenuvere used

to group thekinematicGPS+GLONA®®EPsolution height differences. The mean,
median, RMS and standard deviation of the height differences per satelliteber

between a ellipsoidheight of 255 1120m are displayed ifrigure8-18. The results
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for when there are 12 GPS satellites observed are included in the graph, but there are
only 87 epochs out of the 468383 observations where this occurred so the statistics
are not as robust as the larger samplessifrom the other groups of satellite numbers.
For the kinematic GPSonly PPPsolution the mean, median, RMS and standard
deviation of the height differences decrease as the number of satellites increase from
4 to 10. However, he kinematic GPS+GLONA$PPsolution provides a more
consistent height accuracy with mean height differences an@® and 33nm with 4
and 10 satellites compared to mean height differencegterkinematicGPSonly PPP
solution of -152 mm and 18mm with 4 and 10 satellites. Tharecision of the
kinematicGPS+GLONA8B8S8Psolutions shows an improvement with the increase of
GPS satellites with the standard deviation reducing from m28to 57mm for 4 to
10 satellites, though the RMS and standard deviation was smaller for eadhtsate
number from 4 to 10 than the GR#8ily solution. The largest improvement from the
inclusion of GLONASS occurs at the lower satellite numbers. The mean absolute values
of height difference are smaller for thkinematic GP$GLONASEPP solutions
between satellite numbers 4 to 7, with the magnitude of the improvement decreasing
with the increase in satellite number between 4 and 7. When there are eight or more
satellites thekinematicGPSonly PPPsolution has a smaller bias, but not a smaller
standad deviation suggestinthat there isless noise in th&inematicGPS+GLONASS
PPPsolution. The height dependent mean and median bias inkimematicGPSonly
PPP solution could be a consequemf a reduction in the percentage of positions

with observations over 8 satellites, as demonstratedrigure8-19.
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8.6. Absolute compared with relatikgnematic GNS®sitioning

In the previous sections of this chapter the optimal tropospheric mitigation strategies
for relative and absolute kinematic GN$®8sitioning have been assesd and
benchmarked. The optimal configurations of the two techniques will now be
compared to assess performance and technique specific benefits. ESA orbits were
used for the Trackinematic double-difference positioning solution and PPPNCL
kinematic PPBolution, with the same process noise values and configuration settings
used in Chapter 7The RMS, standard deviation, median, and mean differefares

the relative and absoluteheights validated against the GIPS¥rived reference

coordinates are displayed ihable8-8.

Table8-8. RMS, standard deviation, median, and mean of the differences in height
between kinematicGPS+GLONA®PP solutiongnd kinematic GP®nly double-
difference positioning solutions with GIPS™erived reference height for SNLB and
SNSUAII quantitities expressed in millimetres.

SNLB SNSU
RMS STD Median Mean RMS STD Median Mean
Absolute 34 34 0 1 30 30 -1 0
Relative 28 27 8 9 28 27 -7 -8

The baseline between SNTR and SNLB never excedds, Hit for most airborne
GNSS positioning scenariagjroundbased knowrstation is unlikely to be situated to
provide such a short baseline. SNTR was therefore processed relative to the closest
OS CGNSS statid® AP, providing a maximum baseline of 458 A cycle slip was
evident on day of year Zbat 10:00:05ith a positional error of ~34 m until 10:19:45
when SNTR loses lock through the wooded section of railway and thigaitids are
re-initialised The mean, median, RMS and standard deviation of the height
differences at SNTR forkinematic GP®nly double-difference positioningsolution
relative to ASAP, leinematic GP$nly doubledifferencepositioningsolution relative

to SNLB, andkinematic GPS+GLONASS solutioare dsplayed irFigure8-20. The
standard deviation and RMS of the height differences for the long badeheenatic

GP$only double-difference positioning solution over the 100m height bands are
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three times greater tharthe values for the shorter baselinknematic GP®nly
doubledifference positioning solution relative to SNLB and th&inematic
GPS+GLONABBP solution. The different conditions experienced at ASAP and SNTR
due to the ~45m separation results in the dble differencing procedure not being

as effective
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Figure8-20. Mean (upper left pane)median (upper right pane), RMS (lower left
pane), and standard deviation (lower right pane) of height accuracy (inni00
ellipsoidal height bins) between the reference trajectory ard kinematic
GPS+GLONA®®Psolution (continuouspurple), and a shortbaseline(continuous
black) and longbaseline (dashed black)kinematic GPSonly double-difference
positioningsolutionsfor SNTR.

The parameterisation of the tropospheric delay has been shown earlier in this chapter
to remove the height dependertias in the mitigation of the tropospheric delay. The
standard deviation of the height differences tbe short baselin&kinematic GP$8nly
double-differencepositioningsolution andthe kinematic GPS+GLONASS $dhiRion

are 71 mm and72 mm respectively with the kinematic GR8nly double-difference

positioningsolution havinga smaller bias o5 mm compared to 24nm. Histograms
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of the height difference over the height range of 253120m are displayed ifrigure
8-21. The ¥ and 95" centiles of the height difference for the short baselkieematic
GP$%only double-differencepositioningsolution are-99 mm and 94mm respectively
compared to-60mm and 12Imm for the kinematic GPS+GLONASS $tRion. The
kinematic GPS+GLONASS B#tition performs to a similar precision to the short
baselinekinematic GP®nly double-difference positioningsolution over a range of
heights, although thex is an evident bias in thenematic GPS+GLONASS B#lRtion
The bias appears to be a result of sensitivity to titegpospheric process noise value
applied. Dependent on the subset of the dataset used alters the optio@bspheric

process noise, and highlights the importance of using a representative value.
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Figure8-21. Histograms at SNTBetween an ellipsoidaheight range of 2551120m)

of height accuracy frona Trackkinematic GP®nly double-difference positioning

solution relative to SNLB (lefta PPPNCLkinematic GPS+GLONA$®P solution
(middle), anda Track kinematic GP®nly doubledifference positioning solution

relativeto ASAP (rightind the reference trajectory. Each bin size represents&0
of height difference.

8.7. Conclusion

Tropospheric mitigation usingmpirical modellingand by estimationhave been
tested for both relative and absolutekinematic GNSSpositioning techniques.
Solutions were computed for SNTR, a Gét&®ninstalled ona moving platform, i.e.
the SMR carriageundergoirg ~950m vertical height change.Kinematicdouble-
differencepositioningsolutionswere pocessed againseference GNS&ationon a
stable platform (SNLBY simulate a short baseline arabainst an OS GNSS station
(ASAPRto simulate a more realistic baseline length for airbo@BISS$ositioning.

CKS az2ftdzik8yaXA IRFEROIAR Y Y SiKaiatog thE FFS O
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tropospheric delay were assessed by comparison with a reference trajeaary (
average of ~200 trajectories collected over a 50 day period compusgied) kinematic
double-differencepositioningrelative toSNLB and SNSU at the extremities of railway).
Due to errors in the mitigation of the tropospheric delay being most prominent in the
height component, theheight accuracydetermined between the solutions anda
GIPSYerived referenceheightwere analysed and used to ass#ss performance of
the solutions. The empiricadoposphericmodels and estimation of the delay for the
solution types were assessed per trajectory, over a range of heights, and a range of
ZWD conditions

Of the empiricaltropospheric models tested for thekinematic GP®nly double-
differencepositioningsolution, the EGNOS model was found to perform best with the
smallest median bias andamdard deviation over the 255- 1120 m height range
tested, of -1 mm and 61mm respetively. With eactempirical tropospherianodel
tested the difference in height betweehe kinematic GNSS positionisglution and

the referencetrajectoryincreased as the difference in height between SNTR and SNLB
increased.The rate of error in height with change in height is smallestfelEGNOS
model with a difference in the median bias of 22m between height bands
300 - 400 m and 1000- 1100 m, compared to a difference 066 mm for the
Saastamoinerwith GPT2input model. The UNB3mmodel also has the smallest
median biases when height differences are assessed with respect to the ZWD lapse

rate experienced across the site (imn of ZWD bands).

All the empiricaltropospheric models were tested witthe same mapping function

(GMF). KSNBET2NBE (GKS Y2RSt aQ ndSusdyhedsrhnplS A &
associated mapping function. For example the EGNOS mode¢hedgisick and Eisner

mapping function(Black and Eisner, 198#hich does not differentiate between the
hydrostatic and nofhydrostatic components, and does not consider spatial and

seasonal variability in atmospheric conditions.
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If the troposphert delay is estimated as a parameter in a GNSS solution, rather than
being purely modelled, then the magnitude and variability of delay can be mitigated
more accurately. When the ZWD is parameterised irkthematic double-difference
positioningsolution the median bia over the height range of 2551120m for SNTR
is-5 mm, and the decrease in the height accuracy with altitude seen with the models
has been removedit has also been demonstrated that estimating ZWD can represent the
short term tenporal variability in the ZWD and variations in the ZWD lapse rate allowing a
height accuracy of 72nm (RM$ to be achieved Where the empiricatropospheric
models can mitigate the tropospheric delay to a similar extent as estimating the delay
this relieson the nominal coefficients used in the model matching the actual
conditions experienced athe site. The mearheight accuracywas analysed
dependent on the difference in ZWD between SNLB and SNTR over the height range
1000- 1100m. Thekinematic GNSpositioningsolution estimating the delay had a
maximum and minimum median height accuracy-bfnm and-9 mm respectively,
compared to-28 mm and-54 mm from the Saastamoinen witftGPTinput model
highlighting that estimating the ZWD is paramount to achig the highestheight

accuracy.

It is clearly beneficial to estimate a ZWD correctiorkimematicdouble-difference
positioning and PPPsolutions for airborneGNSSpositioning, andthis should be
considered in conmercialsoftware packages as it is the Track scientific software.
The maximum difference in height between SNLB and SNTR isn;3b6refore for
airborneGNS&pplications that operate at greater heights the errorfreanmitigated
delay will be larger, and the parameterisation of the ZWD becomes even more
important. Forkinematic PPPdue to not differencing observations to a known
station, unmitigated tropospheric delay propagates didgctinto the height
component and if not estimated could be the largest error source (@)3in a

kinematicPPP solution, as has been demonstrated in this chapter.

The benefit of using GPS+GLONASS compared to using only GPS in a kinematic PPP

solution has Ben demonstrated, with the muliGNSS solution providing RMS and
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standard deviations of the height differences between the height range of
255 - 1120 m of 78 mm and 72mm compared to 129mm and 128mm. The
improvement that the inclusion of GLONASS obgemwma provide to the solution is
most pronounced for scenarios when there a low number of GPS satellites used in the
solution. This provides confidence in the results presented in Chapter 7, where an
improvement is evident for a muttNSS solution compad to a GP®8nly solution for

estimating the ZWD from a kinematic receiver.

When considering the implications of using a certain solution for kinen@GNSS
positioning over an altitude range th&nematic double-difference positioning
solution esimating the tropospheric delay over a short baseline provides the optimal
solution with average median and mean height accuracy for themi®@ight bands

of -4 mm and-2 mm respectively, compared to 28m and 28mm for thekinematic
GPS+GLONASS PPP isolut While both solutions have an RMS and standard
deviation of ~70nm. Whenthe kinematicdouble-differencepositioningsolution is
computed over donge baseling45km) thekinematicPPPsolution provides &etter
height accuracy, evident in the smallstandard deviation®f 72 mm compared to

272mm.
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The research presented in this thesis has focused on the impact of tropospheric delay
on kinematic GNS®sitioningover a range oéltitudes. The acquition of the unique

SMR dataset has allowed the retrieval of tropospheric delay values, ankeigat
accuracy from kinematic GN$®8sitioning undergoing a change ialtitude to be
assessed. Thisapter will summarise the research undertakend the conclusions

drawn that are included in the thesis.

9.1. Summary of work

The effect ofatmosphericwater vapour on climati@and meteorologicaévents and
GNSS positioning were introduced in Chapters 2 and 3. The case for whyayster
content in theatmosphere has to be monitored and its impact for Gl&8$Stioning
were established, with the current limitations highlighted. The aims and objectives of
the research were developed to try taddress the current limitations, such as to
increase observatins of water vapour in currently data sparse areas, and to validate
a kinematic GNSS dataset in a varietyjrgbospheric conditions and over an altitude

range.

The suitability of the SMR to fulfil the airasd objectives of the project veaoutlined
in Chapter 4, along with a detailed description of the colleadédervationdataset
and the establishing of a reference datasti validate kinematictGNS$ositioning.
Chapter 5 describetihe tropospheric comparators used to validate tropospheric delay

values.

Chapters 6 and 7 validaletropospheric delay values from empirical tropospheric
models and from parameterising the delay in relative atbdolutekinematic GNSS

positioning The height accuracy dim relative and absolutekinematic GNSS
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positioning was validated in Chapter 8 with a variety of tropospheric mitigation

strategiesandthe height accuracy benchmarked for each scenario.

To enable the work to be carried out a number of softwamendments were
implemented in both Track andPPPNCL. The EGN@& UNB3m empirical
tropospheric modelsandthe GPT2 input into the Saastamoin@odel were itluded

into the Track software Furthermore amendmens to thedefault relative humidity
valuesused in the wet GMFand use of the hydrostat and wetGMF with the
separatelyinput ZHD and ZWDvere implementedinto the double differencing
software Backsmoothing was introduced into the PPPNCL software to allow the

software to provide a posprocessedsolution.

9.2. Final onclusions

A suitable est platform was identified and used to acquire a unique dataset that
allowed the assessment difeight accuracy and tropospheric delay estimation from
kinematic GNSgositioningover an altitude range. The ~9%50 variation in height
experiencedy the receiver, the ability to instaBNSStationson stable platformst

the extremities of the trajectory, and the repeatable trajectory undertaken by the
GNSS station on a moving platforalowed a robust reference trajectory and

tropospheric delay profikto be established.

The SMR allowed a range of empirical tropospheric madetentlyused in kinematic
GNS$ositioningto be validated against reference tropospheric delay values for the
GNSS stations ohoth stable and moving platformswith the model€ability to
represent the ZHD, ZWD and ZTD assessed. The optimalsmesdtd werethe
UNB3mand EGNO$8odel with median biassfrom the reference ZWD valued -

3.7 mm and 14.5mm and RMS values of 38:8m and 36.6 mm respectively
highlighting the lintation of empiricaltroposphericmodels inrepresentingthe high

temporal variations in théropospheric delay.
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The retrieval of ZWD estimates fromkanematicGPS+GLONASS PPP solution and a
short baselinekinematic GP®nly double differencingsolution provided a similar
accuracy with an RMS agreement for both solusioh~12mm over thetropospheric
profile offered by SNTR. When baselines lengths fokthematic GFS-only double
differencingsolution were increased to 4050 km the ZWD agreement worsened by
7 -11mm. The improvemenin kinematicPPP solutios when using GPS+GLONASS
as opposed to GR&hly was demonstrated, with the GRfaly solutionproviding a
ZWD RMS agreement of 8m. Due to the decrease in ZWD accuracy with the
increase in baseline length, and therefore the constraint kifi@wn stationto achieve
high accuracy ZWD estimates kinematic double differencingthe knematic
GPS+GLONA®®P solution offers the preferred option for collecting tropospheric

delay values in a variety of scenarios.

The positional accuracies frokinematicGNS$ositioningsolutions were validated

for multiple (~200) ftajectories experiencing a variation in height of up to #b0ver

a 50 day period. Due to errors in mitigating the tropospheric error predominantly
propagating into height, the accuracy in thegemponent was used to assess the
solution types andropospheric mitigation strategies. Thampirical tropospheric
models validated in Chapter 6 were assesset@rms ofthe height accuracy available
when implemented in to &inematic GP®nly double-differencepositioningsolution.

The EGNOS model was found to be the optimal empirical model with a median bias
between-12 mm and 10mm for 100m height bins between 300 and 116@m. The
empirical troposphericmodels are able to represent the nominal delay; when the
tropospheic conditions vary from this nominal delathe median variation can
increase to 39mm for the EGNOS model. When the tropospheric delay is
parameterised in the relative solution a height accuracy of median-biasm and a
standard deviation of 7Imm is achieved, with the accuracy unaffected by the
variations in the ZWD lapse rate. Following on from the validation of rel&iN8S
positioning solutions the positional accuracy from kanematic PPP solution was
assessedalongwith the impact of incluthg GLONASS with GPS observationke
kinematicGPS+GLONASS PPP solution provided a standard deviatiomof @2er
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the height range 2551120m, a similar value from thkinematic GP8nly double-
difference positioning solution. Thekinematic GPS+GLONASS B#&Btion also
provided an improvement compared to tHenematicGPSonly PPPsolution, which
had a standard deviation of 128im between the height range 2551120m. The
improved height accacy and tropospheric delay estimates from tkamematic
GPS+GLONASSPP solutioncompared to the height GPSonly PPP solution
demonstrates that a muksystem GNSS solution should be utilised in kinematic GNSS

positioningfor ZWD and height estimatiaon

9.3. Further work

The potential oftropospheric estimation and mitigatiorusing kinematic GNSS
positioningover arangeof altitudeshas been established in the reseamtesented.
The potential ofbsoluteGNS Sositioningsolutiors offer advantages teelative GNSS
positioning solutions due to not being constrained by distance togeoundbased
knownstation. Therefore a number of suggestions are made for future wneleted
to the collection ofatmospheric water vapour dataand mitigation of tropospheric

delay from kinematic PRRading on from the research presented in this thesis

1 Assessing theffect of GPSand GLONASSteger ambiguityresolution on

kinematic PPPand its impact on estimatg the tropospheric delay

1 Tesingreaktime kinematicPPPsolutions, using realime satellite orbit and

clockproducts

1 Further examination ohow to choose an appropriateopospheric process
noise valueon a daily basihen a rdéerence truth is not available for tuning

purposes.

1 Investigaion ofthe assimition of kinematid®PP estimates @WD/ZTDnto

NWMs, and the impacof these estimates in forecasting
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1 Assessing the effect of includiother GNSS signals suchaisservations from

the European Gaééo and Chinese Bedd.

1 Implement VMF1 mapping function into Track and PPPNCIlor

post-processed solutions

The use of aircraft to collect temperature, prass, relative humidity and &ezing
information are currently collected from selectrange of research and commercial
aircrafts(Moningeret al., 2003) Meteorological data collected on aircraft Byrcraft
Communications Addressing and Report Syst@@ARBandAircraft Meteorological
Data RelagAMDAR demonstratethat the infrastructure anduccessful acquisition of
reattime data from commercial aircraft and the assimilation into numerical weather
modelsis already in placeDual frequencNSS receivers have also beestalled on
aircrafts and utilizeddr RO experirants (instead of frona low Earth orbiting satellide

to allow the collection of atmospheric meteorological data above an altitudekof,4
with the aim of being assimilated into NWWaaseet al., 2014) These examples
highlight the potential for kinematic PPP being used on airborne platforms for the
estimation of ZWD and contribution to NWMs as another operatiovetier vapour

data source
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