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Abstract
The presence of water vapor in the atmosphere strongly affects weather and climate: water
vapor is the source of all forms of precipitation (e.g. rain, snow, and hail); it regulates Earth’s
surface temperature by absorbing and reflecting incoming short-wave solar radiation and
absorbing Earth’s emission of long-wave radiation; and it is a source of latent heat that can be
transported over great distance. Moreover, water vapor is the most abundant greenhouse gas
and plays a key role in global climate change. Therefore, although atmospheric water is only
a very small fraction of Earth’s total water budget, its role in climate and weather is
substantial for both regional and global scales. Hence, accurate, frequent, and dense water
vapor measurements are crucial in atmospheric science studies.
When the microwave signal emitted by satellites of the Global Positioning System (GPS)
constellation propagates through the atmosphere, the troposperic refractivity causes a delay in
the arrival of the signal to the GPS user receiver. This delay can be decomposed into a dry
and a wet component: the wet component is coupled with the integrated precipitable water
vapor in the atmosphere above the GPS receiver. While the refraction effect due to the
presence of a certain concentration of water vapor in the atmosphere causes an undesired
error in GPS positioning that needs to be corrected, it is possible to use the relative GPS
signal delay to determine spatial and temporal distribution of the water vapor in the
troposphere. This is the focus of the field of GPS Meteorology.
In GPS Meteorology, Integrated Water Vapor (IWV) is conventionally derived using
hydrostatic models of the tropospheric delay (Zenith Hydrostatic Delay, ZHD, and Zenith
Wet Delay, ZWD) as function of atmospheric parameters such as surface pressure and
temperature measured at the GPS station. The Global Positioning System can effectively
provide estimates of the Integrated Water Vapor with about 1 mm accuracy, as required for
general use in atmospheric sciences studies. Moreover the GPS estimates of IWV are
continuous in time and densely distributed in space.
The first part of this thesis focuses on the effects of non-hydrostatic equilibrium on GPS
positioning and IWV estimates from GPS observations. A modified model of the ZHD is
developed for GPS measurements acquired at stations located on mountainous regions
affected by severe weather, where non-hydrostatic conditions are likely to occur. This ZHD
model includes a correction that takes into account the non-hydrostatic conditions associated
with the orographic wind as it relates to the particular topography of the mountain. This nonhydrostatic correction needs some input parameters related with the topography and
atmospheric conditions at the GPS station: the wind speed, the atmospheric stability, and the
mountain topography. From the knowledge of these parameters it is possible to estimate the
pressure deviation from hydrostatic equilibrium.
The pressure deviation from hydrostatic equilibrium is here computed modeling mountain
waves and lee-wave dynamics using a linear analysis of the steady flow over a mountain,
where the linear approximation permits analytically exact solutions. Following this procedure
the pressure deviation along a 2-D Gaussian mountain (with cross section on the x-z plane) is
computed as a function of the x coordinate (horizontal distance from the summit). This
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pressure deviation model is implemented for the estimation of the ZHD at the GPS station
JUJO (Jungfraujoch), located in the Swiss Alps, in the Bernese Oberland. Jungfraujoch hosts
a high altitude weather station (3,470 m, average annual pressure ~ 655hPa, in midtroposphere) that often experiences exceptionally high winds. The observations at JUJO often
exhibit unexpected high GPS positioning errors and considerable IWV estimate errors.
For the typical non-hydrostatic effect associated with dynamic flow over the topography of
Jungfraujoch, from the proposed non-hydrostatic model it emerges that the error in the
Precipitable Water estimate is approximately > 1.0 mm for wind speeds of about 18-20 m/s.
The error increases with increasing wind speed, and depends on the atmospheric stability at
the time of observations. High winds speeds over 18 m/s are observed on Jungfraujoch
approximately 20% of the time in winter. Therefore, the proposed non-hydrostatic correction
needs to be applied to at least 20% of the IWV estimates at Jungfraujoch during winter in
order to obtain meaningful data for atmospheric sciences studies. Indeed, 1 mm error in the
estimate of IWV is particularly important at high altitude stations, where the IWV is
generally quite small, between ~ 0.5 mm and 2 mm on Jungfraujoch.
In order to validate the results of the proposed non-hydrostatic model correction, the
theoretical estimates were compared with estimates from the non-hydrostatic numerical local
atmospheric Alpine Model (aLMo), with radiometric data acquired on Jungfraujoch by the
Precise Filter Radiometer (PFR), and with atmospheric parameters measured at the station.
This validation analysis shows good agreement between the theoretical estimates and the
actual pressure deviations from hydrostatic equilibrium observed on Jungfraujoch in very
high wind conditions, when the non-hydrostatic wave regime is expected to take place. While
the non-hydrostatic deviation can be captured by the theoretical model adopted in this thesis
the 7 km resolution grid of aLMo is not fine enough to capture these deviations over
Jungfraujoch. Future versions of aLMo –aLMo2- have a 2 km resolution grid and should be
able to detect orographic wind effects with sufficient accuracy to provide useful pressure
deviation estimates. Until then, the theoretical methods derived in this thesis remain one of a
few ways to estimate the small-scale non-hydrostatic pressure deviations on Jungfraujoch
needed to correct the GPS IWV values. Finally, because the PFR cannot operate under high
winds or overcast weather conditions, it was not possible to validate the non-hydrostatic
model for wind speeds over 15 m/s due to lack of PFR data. This confirms again the
importance of accurate IWV estimates from GPS observation on high altitude stations, since
GPS can still provide useful information when other sensors fail to work under severe
weather conditions.
The non-hydrostatic correction method can be applied to a multitude of GPS stations located
in mountainous areas affected by orographic wind. Examples of eligible sites in the USA
include: Mt. Washington, Mt. Olimpus, Johnston Ridge, and Cheek Peak (Neah Bay). These
sites often experience high winds and have topography suitable for the model adopted.
From additional studies performed on Jungfraujoch it emerged that the errors in IWV
estimates introduced by the GPS receiving antenna on Jungfraujoch are systematic, between
1.0 – 2.0 mm, i.e. in average larger than the errors introduced by the non-hydrostatic
condition for moderate winds.
The objective of this thesis is the improvement of the IWV estimates from GPS data,
especially on high altitude stations affected by severe weather. One way to improve the IWV
estimates is to introduce a non-hydrostatic correction (Part I). Another way is to enhance the
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GPS receiving antenna performance (Part II). Therefore, the second part of this thesis is
focused on improvements of the GPS antenna design. The errors introduced by the GPS
antenna on the GPS measurements are mainly due to three basic factors: 1. the multipath
error; 2. the antenna radome and snow accumulation over the radome; and 3. the antenna
phase center variation.
Properly designing a multipath rejection ground plane, optimizing the radome, and stabilizing
the phase center all contribute to achieve improved GPS accuracy. Moreover, using
additional satellite systems (Modernized GPS + GALILEO) the accuracy can be enhanced by
the availability of more satellites, and therefore, better constellation geometry (that improves
the Dilution of Precision). Moreover, the improved GALILEO signals quality allow better
ambiguity resolution, reduced tracking noise, and intrinsic increased multipath rejection.
In this research, a novel low multipath wideband GNSS antenna for reception of Modernized
GPS and Galileo was modeled, designed, simulated, fabricated, and tested in anechoic
chamber. The tests are in good agreement with the simulations, and show excellent multipath
rejection and overall antenna performance in the whole bandwidth between 1.15 GHz and
1.60 GHz that will be used by the future Modernized GPS and GALILEO.
Using a novel GNSS low multipath antenna and a non-hydrostatic correction for the ZHD
from aLMo2 (or equivalent non hydrostatic mesoscale numerical weather models) will
provide sub-millimeter accuracy in IWV estimates on Jungfraujoch as well as on all those
stations requiring especially high accuracy estimates of the IWV from GPS observations.
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Sommario
La presenza di vapore acqueo nell’atmosfera influenza notevolmente le condizioni
meteorologiche ed il clima: il vapore acqueo è all’origine di tutte le forme di precipitazione
(come pioggia, neve, e grandine); regola la temperatura della superficie terrestre assorbendo e
riflettendo le radiazioni solari ad onde corte e assorbendo le radiazioni ad onde lunghe
emesse dalla crosta terrestre; ed è una delle cause del calore latente che può essere trasportato
per grandi distanze. Inoltre, il vapore acqueo è il più abbondante dei gas che producono
l’effetto serra. Pertanto, anche se il contenuto dell’acqua nell’atmosfera é solo una piccola
frazione del bilancio totale dell’acqua sul nostro pianeta, il vapore acqueo ha un ruolo
importante per il clima e per le condizioni meteorologiche.Accurate, frequenti, e dense
misure del vapore acqueo sono fondamentali per studi riguardanti le scienze atmosferiche.
Quando il segnale a microonde emesso dai satelliti della costellazione del Global Positioning
System (GPS) si propaga attraverso l’atmosfera, la rifrazione troposferica produce un ritardo
nell’arrivo del segnale al ricevitore GPS. Questo ritardo può essere decomposto in una parte
che non contiene acqua, (dry) e una parte che la contiene (wet). La parte che contiene acqua è
associata al contenuto di vapore acqueo nella colonna atmosferica (IWV) in corrispondenza
del ricevitore GPS. Mentre la rifrazione dovuta ad una certa concentrazione di vapore acqueo
nell’atmosfera causa un errore indesiderato nella localizzazione del ricevitore GPS che deve
essere compensato, è possibile utilizzare il ritardo del segnale GPS per determinare la
distribuzione spaziale e temporale del vapore acqueo nell’atmosfera. Così, il GPS è
potenzialmente uno strumento importante in Meteorologia.
In applicazioni meteorologiche del GPS, l’IWV è derivato convenzionalmente utilizzando
modelli idrostatici del ritardo troposferico (Zenith Hydrostatic Delay, ZHD, and Zenith Wet
Delay, ZWD) in funzione di parametri atmosferici quali la pressione superficiale e la
temperatura misurate in corrispondenza della stazione GPS. Il Global Positioning System può
fornire in modo efficace stime dell’IWV con un’accuratezza di circa un millimetro,
necessaria per applicazioni in scienze dell’atmosfera. Inoltre, le stime dell’IWV acquisite da
dati GPS sono continue e geograficamente densamente distribuite.
La prima parte di questa tesi è focalizzata sugli effetti della deviazione dall’ equilibrio
idrostatico nel posizionamento GPS e nella stima dell’IWV da dati GPS. Un modello
modificato dello ZHD è sviluppato nella tesi per misure GPS acquisite in corrispondenza di
stazioni localizzate in regioni montane spesso affette da maltempo, dove spesso condizioni di
equilibrio idrostatico possono non verificarsi. Questo modello dello ZHD include una
correzione che tiene conto delle condizioni non-idrostatiche associate con il vento orografico
causato dalla particolare topografia della montagna. Questa correzione non-idrografica
richiede alcuni parametri di input legati alla topografia ed alle condizioni atmosferiche alla
stazione GPS: la velocità del vento, la stabilità atmosferica, e la topografia della montagna.
Dalla conoscenza di questi parametri è possibile effettuare la stima della deviazione dalla
pressione in condizioni idrostatiche.
La deviazione della pressione dal valore in equilibrio idrostatico è calcolata attraverso la
modellizzazione di onde montane e della dinamica di onde “lee”, attraverso un’analisi lineare
del flusso costante su una montagna, dove l’approssimazione lineare permette una soluzione
analitica esatta. Seguendo questa procedura la deviazione della pressione lungo una
montagna di sezione Gaussiana (con sezione trasversale sul piano x-z) è calcolata in funzione
della coordinata x (distanza orizzontale dalla sommità della montagna). Questa deviazione di
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pressione è applicata alla stima dello ZHD per la stazione GPS sullo Jungfraujoch (JUJO),
che si trova sulle Alpi Svizzere, nella Bernese Oberland. Lo Jungfraujoch è sede di una
stazione atmosferica d’alta quota (3.470 m, con pressione annuale media di circa 655 hPa
nella troposfera media) che spesso è affetta da venti eccezionalmente alti. Le osservazioni
acquisite da JUJO spesso mostrano inaspettati considerevoli errori nel posizionamento GPS e
nelle stime dell’IWV.
Per il tipico effetto non-idrostatico associato con il flusso dinamico sulla topografia dello
Jungfraujoch, dal modello non-idrostatico qui sviluppato si può osservare che l’errore nella
stima dell’IWV è circa > 1,0 mm per velocità del vento di circa 18-20 m/s. L’errore aumenta
per velocità superiori e dipende dalla stabilità atmosferica durante le misure. Considerevoli
venti superiori a 18 m/s sono stati misurati sullo Jungfraujoch circa 20% del tempo in
inverno. Pertanto, la correzione non-idrostatica qui proposta dovrebbe essere applicata
almeno al 20% delle stime di IWV sullo Jungfraujoch in inverno al fine di ottenere dati
rilevanti per scienze atmosferiche. Un errore di circa 1 mm é particolarmente importante per
stazioni d’alta quota, dove il valore dell’IWV è abbastanza piccolo, approssimativamente fra
0.5 mm e 2.0 mm su Jungfraujoch.
Al fine di validare i risultati del modello per la correzione degli effetti non-idrostatici, le
stime teoretiche sono confrontate con 1. le stime numeriche ottenute dal modello locale nonidrostatico aLMo (Alpine Model), 2. con i dati radiometrici acquisiti su Jungfraujoch con il
radiometro Precise Filter Radiometer (PFR), e 3. con parametri atmosferici estratti da
ANETZ misurati alla stazione. Quest’analisi di convalida mostra buon accordo fra le stime
basate sul modello teorico e la deviazione della pressione dall’equilibrio idrostatico osservata
su Jungfraujoch durante condizioni di vento considerevole, quando il regime non-idrostatico
ha alta probabilità di verificarsi. È interessante notare che questa deviazione non-idrostatica
può essere estimata dal modello teorico usato in questa tesi, ma non dal modello numerico,
perché la griglia di risoluzione di aLMo è 7 km ed è troppo larga perché sia in grado di
modellizzare deviazioni in pressione dovute a fenomeni di dimensioni più piccole. La futura
versione di aLMo – aLMo2- ha una griglia di risoluzione di 2 km e dovrebbe essere in grado
si modellizzare gli effetti del vento orografico con sufficiente accuratezza. Fino a quando
aLMo2 non è disponibile, il modello teorico sviluppato in questa tesi rimane uno dei pochi
metodi validi per la stima di deviazioni della pressione in equilibrio idrostatico su
Jungfraujoch, necessari per correggere le stime dell’IWV da dati GPS. Infine, poiché il PFR
non è in grado di funzionare durante condizioni atmosferiche con alto vento e nuvole, non è
stato possibile verificare il modello non-idrostatico per vento superiore a 15 m/s a cause di
mancanza di dati radiometrici. Questa mancanza di dati durante maltempo conferma
l’importanza di stime accurate dell’IWV estratte a dati GPS su stazioni ad alta quota. Infatti, i
dati GPS sono disponibili anche durante il maltempo, quando altri sensori sono inoperabili.
La correzione non-idrostatica può essere applicata ad una moltitudine di stazioni GPS
localizzate in aree montagnose dove ha luogo l’effetto del vento orografico. Esempi di
stazioni GPS che potrebbero usufruire delle correzioni qui proposte sono (negli Stati Uniti
d’America): Mt. Washington, Mt. Olympus, Johnston Ridge, e Cheek Peak (Neah Bay).
Queste stazioni sono localizzate in aree colpite da venti considerevoli e hanno una topografia
ideale per il modello proposto.
Da studi su Jungfraujoch trovati in letteratura emerge che gli errori introdotti nella stima
dell’IWV dovuti all’antenna GPS ricevente sono sistematici, circa 1.0 – 2.0 mm, e sono
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quindi più elevati degli errori introdotti dalla condizione di equilibrio non-idrostatico per
venti moderati.
L’obiettivo di questa tesi è il miglioramento delle stime dell’IWV estratte da dati GPS,
specialmente su stazioni ad alta quota. Un modo per perfezionare queste stime è
l’introduzione di una correzione non-idrostatica (Parte 1). Un altro modo è la modifica ed il
miglioramento delle prestazioni dell’antenna GPS ricevente (Parte II). Pertanto, la seconda
parte di questa tesi è focalizzata sul miglioramento del design dell’antenna GPS. Gli errori
introdotti dall’antenna GPS sono causati principalmente da tre fattori: 1. errore dovuto a
riflessioni multiple; 2. radome dell’antenna e accumulazione di neve; e 3. variazione
dell’antenna phase center.
Un design appropriato che elimini riflessioni multiple, un’ottimizzazione del radome, e la
stabilizzazione del phase center dell’antenna, contribuiscono al miglioramento dei dati GPS.
Inoltre, usando sistemi satellitari addizionali (Modernized GPS e Galileo) l’accuratezza delle
misure può essere innalzata attraverso la disponibilità di più satelliti, e quindi, una migliore
geometria della costellazione satellitare (che migliora Dilution of Precision). Peraltro, i
segnali emessi dai satelliti del sistema Galileo avranno una qualità superiore a quelli esistenti,
e permettono di migliorare la risoluzione dell’ambiguità, ridurre il rumore di monitoraggio,
ed eliminare ulteriormente le riflessioni multiple.
Nella seconda parte della tesi è stata sviluppata, costruita, e testata, una nuova antenna con
ampia larghezza di banda per ricezione di Modernized GPS e Galileo. I risultati dei test in
camera anecoica sono in accordo con the simulazioni numeriche e validano le prestazioni
dell’antenna in tutta la banda, fra 1.15 GHz e 1.60 GHz.
L’uso di una nuova antenna GNSS e l’introduzione di una correzione non-idrostatica per il
modello dello ZHD da aLMo2 (o altri equivalenti modelli atmosferici locali non-idrostatici)
saranno in grado di fornire un’accuratezza di almeno un millimetro per la stima dell’IWV su
Jungfraujoch ed altre stazioni che richiedono alta risoluzione per il monitoraggio di vapore
acqueo da dati GPS.
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1. Introduction
1.1 Water Vapor and the Earth’s Climate
The Earth is able to support life thanks to its favorable climate that is established and
maintained by means of two main atmospheric phenomena: the greenhouse effect and the
hydrologic cycle. Water in the gaseous phase – i.e. water vapor - is an essential element in
both: it is one of the main greenhouse gases and it plays a leading role in the atmospheric
water cycle. Therefore, although the average volume of water in the atmosphere is only
0.001% of Earth’s total water content, water vapor is a key element in the climate and
weather systems on regional and global scales.
Within the hydrologic cycle, water moves within and between the Earth’s atmosphere,
oceans, and continents (Potter et al., 2003). Water vapor evaporates from oceans and
continents due to the sun’s radiation and other sources of energy, and it is transpired by plants
and respired by animals into the atmosphere. Once in the atmosphere, three-dimensional
circulations of the atmosphere transport water vapor vertically and horizontally. It may then
condense to form liquid water or ice crystals in clouds. It subsequently returns to the Earth in
various forms of precipitation, such as rain or snow. This evaporation-condensation cycle is
an important mechanism for transferring heat energy from the Earth’s surface to its
atmosphere and in moving this energy around the Earth. As such, it is closely tied to
atmospheric circulation and temperature patterns (Hartmann, 1994).
There are many atmospheric greenhouse gases, some naturally occurring and some resulting
from industrial activities. The most abundant and important of the greenhouse gases is water
vapor (Brasseur et al., 1999), which is involved in a major positive climate-feedback loop.
Because warm air can sustain a higher concentration of water vapor than cooler air, a rise in
temperature of the Earth’s surface and atmosphere will increase the amount of water vapor
that the atmosphere can contain. The additional water vapor absorbs energy that would
otherwise escape to space. Therefore, an increase in water vapor concentrations further
causes warming of the Atmosphere/Earth system. This basic positive feedback model is used
in studies of global warming. Such models need to take into account interactions between
water vapor, clouds, atmospheric motions, and radiation from both the Sun and the Earth
(Hartmann, 1994). Water vapor regulates the Earth’s surface temperature by absorbing
incoming short-wave solar radiation and absorbing Earth’s emission of long-wave radiation.
Without water vapor and other greenhouse gases in the air, surface temperatures on Earth
would be well below freezing.
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Even though the hydrologic cycle and the greenhouse effect are generally known, there are
some aspects of these mechanisms that are not completely understood, mainly because of the
lack of good observations of the water vapor distribution in the atmosphere, a distribution
that is highly variable in space and in time. Accurate, spatially dense, and continuous
monitoring of water vapor is essential for the enhancement of existing meteorological models
(Behrend et al., 2000).

1.2 Atmospheric Water Vapor Measurements
By reducing current temporal observational gaps and increasing the spatial distribution of the
measurements it is possible to achieve improved understanding of the role of water vapor in
the climate system. A multitude of ground and space-based systems for monitoring and
measuring water vapor are currently employed (Table 1.1). Each has different characteristics,
advantages and limitations.
To date, most large-scale water vapor climatological studies rely primarily on analysis of
radiosonde data, which have good resolution in the lower troposphere, but are of limited
value at high altitudes. Moreover, because of their high cost and logistic limitations, there is a
lack of regular radiosonde measurements over remote regions and radiosondes are launched
after large intervals, typically once every twelve hours. Thus, the spatial and temporal
resolution of water vapor from radiosondes is inadequate (Anthes, 1983), especially for shortterm (<24 hour) forecasts of precipitation.
Substantial progress has been made with space-based Water Vapor Radiometers (WVR) to
obtain total column water vapor and vertical profiles. However, satellite observations do not
provide water vapor data in all weather conditions above all surfaces. Space-based down
looking WVRs perform well over oceans, but poorly over land. While they have high spatial
resolution, they contain poor temporal resolution. In contrast to space-based WVR, groundbased WVR have good temporal resolution, but poor spatial coverage.
Recently, dedicated processing of signals propagating through the atmosphere from the
Global Positioning System (GPS) satellites to a GPS receiver, has made it possible to retrieve
precise estimates of Integrated Water Vapor (IWV) or Precipitable Water (PW) with high
spatial density (Bevis et al. 1992). These estimates are generally inexpensive, long-term,
continuous, and spatially dense.
Precipitable Water is the amount of water, expressed as a depth or as a mass, which would be
obtained if all the water vapor in a specified column of the atmosphere were condensed and
precipitated. The vertical column extends between any two specified levels, but usually it is
assumed from the ground to the top of the atmosphere.
The rapid turnover of water in the atmosphere, combined with the variation of temperature
with height and geography, causes water vapor to be distributed unevenly in the atmosphere.
As expected, amounts of precipitable water are greatest over warm, equatorial regions and
decrease more or less continuously with increasing latitude down to very low values over the
cold Polar Regions. There are exceptions in the major desert regions, where the surface air is
very dry despite its high temperature. The most humid region is in the western equatorial
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Pacific, above the so-called “oceanic warm pool”, where the highest sea surface temperatures
are found.
The distribution of precipitable water or total atmospheric water vapor above the Earth’s
surface is a reflection of both global temperature patterns and the three-dimensional
circulation of the atmosphere. Hence, any method aimed at the improvement of the accuracy
of the present estimation of IWV or PW with the GPS is extremely valuable, because it helps
provide sets of accurate and reliable data, crucial for future advances in atmospheric sciences,
in general, and in global climate change studies, in particular.

1.3 Estimating Water Vapor with GPS at HighAltitude Stations
Even though the Global Positioning System was originally designed for military navigation,
positioning, and timing, new advances in GPS technology go well beyond its intended
accuracy and applications. Today GPS is used in geodesy, volcanology, oceanography,
glaciology, or archeology, to cite only a few of the numerous scientific applications. GPS can
also be effectively used in weather and climate research due to its ability to provide estimates
of the Integrated Water Vapor (IWV) column with an accuracy of approximately 1-2 mm.
GPS water vapor column measurements are all-weather and continuous, allowing long-term
monitoring. Moreover, they take advantage of existing international networks of permanent
geodetic stations densely distributed in several crucial locations around the world, including
high-altitude stations.
At high altitude stations, continuous and accurate water vapor estimates are especially
important for meteorological purposes, since it has been shown that Outgoing Long-wave
Radiation (OLR) is most sensitive to humidity changes in the mid-troposphere (400-700 hPa)
(Allan et al., 1999). OLR is the energy leaving the Earth as infrared radiation emitted by the
Earth surface and atmosphere. Earth's radiation balance is achieved because the OLR equals
the short-wave absorbed radiation received from the sun, satisfying the First Law of
Thermodynamics (energy conservation). In these conditions the Earth's average temperature
is stable. However, the OLR can easily change, disrupting this equilibrium: For instance,
OLR is affected by clouds and dust in the atmosphere, which tend to reduce it below clear
sky values; in addition greenhouse gases, such as Methane (CH4), Nitrous Oxide (N2O),
water vapor (H2O) and carbon dioxide (CO2), increase absorption and re-emission of the
OLR back to the Earth's surface. This latter effect is why high concentrations of greenhouse
gases can increase the average temperature of the Earth and contribute to global warming.
In GPS Meteorology, the Integrated Water Vapor (IWV) is conventionally derived as
follows: first, the ZHD (Zenith Hydrostatic Delay) is computed from hydrostatic models that
include surface pressure measurements at the GPS site. By subtracting the ZHD estimates
from the Zenith Total Delay, obtained directly from the GPS observations, the Zenith Wet
Delay (ZWD) can then be computed. Finally, dividing the ZWD by known atmospheric
constants and atmospheric parameters (i.e. mean temperature) the IWV can be estimated with
certain accuracy, depending on the assumptions made (for instance that atmosphere is
hydrostatic) and the accuracy of the input atmospheric parameters (surface pressure and mean
temperature).
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Table 1.1: Some of the main sensors presently used to measure the water vapor content in the
atmosphere. Advantages and disadvantages of each technique are discussed.

Platform
Earth Surface

Sensor

Advantages

Disadvantages

Wet-bulb psychrometer
Dew point hygrometer

Long records
High Quality
Daily Observations
Medium-high quality
observations

Non-Uniform spatial
coverage.
Local measurements.
Operation limited by
atmospheric conditions.
Local measurements.
Poor spatial and temporal
distribution.
Short-Term monitoring.
Expensive and require
highly skilled operators.
Operation limited to
daytime and cloudy
conditions.

Passive Microwave
Radiometers

Raman lidar
Differential absorption
lidar

High-quality data.
High vertical and
temporal resolution.

Balloons
Routine radiosonde

Expendable.
Inexpensive.
Long data records.
Global network.
1-4 daily observations
Good vertical resolution
(lower troposphere)
High quality.
Also upper troposphere
and stratosphere.
High quality
observations.

Poor quality upper
troposphere\stratosphere
Poor quality at very high
or low humidity
Different instruments,
time, and practices
Limited spatial coverage
Expensive
Infrequent measurements
Limited locations
Expensive

Infrared Sensors

Water vapor column.
Some vertical profiles.
Data over large areas

Solar occultation
methods

Global humidity at
very high altitudes.
High accuracy and
vertical resolution.
Total column water
vapor data over large
regions
Not highly influenced
by clouds.
Medium to high quality
observations.
Continuous monitoring.
Spatially dense data in
selected areas.
Long-term monitoring.
Inexpensive (existing
and planned satellites)

Operation limited to
cloud-free regions.
Possible regional biases.
Poor Vertical Resolution.
Clouds limit coverage.
Sampling is poor in
tropical regions.

Research sounding
Frostpoint hydrometers
Reference Radiosondes
Satellite-Based

Space Microwave
Sensors

Global Positioning
System (GPS)
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Data are limited to icefree ocean regions.
Poor vertical resolution.
Methods are in research
and development stage.
Data quality may vary
with the site and
estimation algorithm.

At the same time at high altitude GPS stations the IWV is smaller than at low altitudes. For
instance, on Jungfraujoch in winter months the mean IWV is about 1.9 mm while the IWV
for the other stations varies approximately between 5 mm and 10 mm (figure 1.1)

Figure 1.1: Mean Integrated Water Vapor for the ANETZ Swiss stations computed in winter and in
summer. [Courtesy of STARWAVE, Univ. of Berne].

However, depending on the atmospheric conditions the IWV can be as low as 0.2 - 0.5 mm
on Jungfraujoch. It is, therefore, a problem to achieve meaningful measurements, with GPS
IWV accuracies of 1 mm.
In this thesis special techniques and additional corrections are suggested to ensure sufficient
accuracy, especially on mountainous areas and in severe weather conditions when the
assumption of a hydrostatic atmosphere may be inappropriate.
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1.4 Goals and Outline of Work
The purpose of this work is the improvement of the estimates of IWV from GPS. For this
reason I analyzed and evaluated the errors deriving from the conventional estimation model
during the occurrence of non-hydrostatic conditions (errors due to the software and the
modeling approach) and the errors introduced by the GPS receiving antenna (errors due to the
hardware). A summary of the approach adopted is presented in figure 1.2.

Figure 1.2: Summary of the approach adopted for enhancing the accuracy of the estimates of
Integrated Water Vapor (IWV) from GNSS data. The IWV can be expressed as function of the Zenith
Wet Delay (ZWD). The ZWD can be computed as the difference between the Zenith Total Delay
(ZTD) and the Zenith Hydrostatic Delay (ZHD). The measurements of the ZTD can be improved
enhancing the GPS signal reception through the use of a better GPS receiving antenna. The ZHD
estimates can be improved using a more accurate atmospheric modeling, especially on high altitude
stations. Detailed definitions of ZWD, ZTD, and ZHD can be found in chapter 2.

1.4.1 Part I: Non-Hydrostatic Error Analysis and Corrections
In the first part of the thesis I analyzed and corrected the estimates of IWV from GPS
measurements acquired in non-hydrostatic conditions. In particular, I focused on nonhydrostatic conditions taking place on mountainous areas due to orographic wind: the same
procedure can be applied to other causes of non-hydrostatic conditions, such as strong
convection in the presence of unstable environment, particularly during thunderstorms and
within mesoscale convective systems. Non-hydrostatic conditions can also arise during the
passage of fronts and along squall lines, where dramatic drops in pressure accompany forced
ascent of one air mass over another within very localized regions. Therefore, this study does
not apply only to high altitude stations and Jungfraujoch, but to any GPS station during
critical weather causing pressure drops related to vertical mass accelerations.
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In the first part of this thesis I analyzed the occurrence, intensity, and frequency of nonhydrostatic conditions on Jungfraujoch, located on a mountainous areas affected by high
winds. I, also, developed a non-hydrostatic correction for GPS Meteorology applications to
ultimately improve the accuracy of the estimates of GPS Integrated Water Vapor. This
correction can be introduced in the hydrostatic models conventionally adopted to derive the
Zenith Hydrostatic Delay, and it is function of the pressure deviation from hydrostatic
equilibrium at the GPS station site.
The basic theory underlying this study is that non-hydrostatic equilibrium conditions might
take place on narrow mountains (i.e. e. ridges of half-width L~1-10 km) affected by high
winds (i.e. in excess of approximately U=15m/s=34mph=54km/h, depending on the mountain
topography). The physical phenomenon on which this theory is based is associated with
orographic uplifting and can be generalized using the Bernoulli Theorem. In this work it is
suggested that because the surface pressure measured during severe weather on narrow
mountains is lower than it would be in hydrostatic conditions, it is necessary to introduce a
non-hydrostatic correction to the classic GPS estimation of the Zenith Hydrostatic Delay for
high accuracy GPS applications. Without this correction, there is an under-estimation of the
Zenith Hydrostatic Delay and a consequent bias in the IWV estimate.
These non-hydrostatic variations in surface pressure are a result of mountain waves, which
are periodic changes of atmospheric pressure, temperature and orthometric height in a current
of air caused by vertical displacement when the wind blows over a mountain. Atmospheric
mountain waves have been shown to cause large systematic geodetic errors in GPS
positioning estimates in regions with mountainous topography (e.g. the Japanese Islands).
Atmospheric mountain waves excited by a strong westerly wind ahead of an approaching
cold front can also induce large systematic errors in the estimates of horizontal positions of
the sites in the region.
In chapter 2 a comprehensive introduction to GPS signal propagation through the atmosphere
is presented, together with the methodologies for the estimation of IWV from the GPS
Tropospheric delay error. Preliminary validation studies to evaluate the order of magnitude of
the proposed non-hydrostatic effect and its relevance for GPS IWV estimates are achieved
using a scale analysis applied to the atmospheric equations of motion, as shown in chapter 3.
These preliminary studies confirm the need for a non-hydrostatic correction in high wind
conditions on certain mountainous areas. From the preliminary analysis presented in chapter
3 it emerged that the vertical acceleration derived from the scale analysis (0.01 m/s2) during
high winds conditions is only one order of magnitude smaller than the horizontally varying
pressure component (0.1 m/s2) and the horizontally varying density field (0.1 m/s2). In other
words, the vertical acceleration is 10% of the horizontally varying terms of the hydrostatic
equilibrium equation terms, indicating that non-hydrostatic conditions exist at the site and
this effect is not negligible for high accuracy purposes.
In chapter 4 a theoretical model for the estimation of the pressure deviation from hydrostatic
equilibrium over narrow mountains is developed. A correction for the model to estimate the
ZHD (function of the measured surface pressure) is proposed. From the corrected ZHD the
non-hydrostatic ZWD and IWV are estimated. In order to compute these non-hydrostatic
corrections as function of the pressure deviation from hydrostatic equilibrium on mountains
we propose to use a theoretical model based on mountain wave dynamics using linear
analysis of the steady flow over a 2-D bell shaped mountain, where the linear approximation
permits analytically exact solutions.
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In chapter 5 the effects of non-hydrostatic conditions on the surface pressure measurements
are studied as a function of mountain topography (height, H0, and half-width, L) and
atmospheric parameters (wind speed, U, and atmospheric stability, N). This study is
performed to understand the impact of mountain configuration and local weather on the
pressure deviation from hydrostatic equilibrium, on the ZHD, ZWD, and ultimately on the
IWV estimate correction.
Hauser (1989) previously attempted to estimate the atmospheric pressure deviation from
hydrostatic equilibrium for the estimation of corrections to Satellite and Lunar Laser Range
Measurements. In Hauser’s work the pressure gradient estimate was localized at the summit
of a mountain. The innovation of the method proposed in this thesis consists in the modeling
of pressure deviation all along the horizontal coordinates, as a function of the distance from
the mountaintop. This feature is important, since GPS stations are often located in proximity
of mountain summits, rather than exactly on the top.
In chapter 6 the proposed model is applied to actual mountains, where GPS stations are
located in conjunction with meteorological stations. Surface pressure, surface temperature,
and wind speed at the site are necessary input parameters for the proposed non-hydrostatic
theoretical model to estimate the non-hydrostatic correction. The present study focused on
Jungfraujoch, in Switzerland, a high altitude station located on a pass in the Swiss Alps at
3,470 m altitude, with average annual pressure ~ 655hPa (mid-troposphere). This site was
selected for its topography, high winds, and ample availability of GPS and weather condition
data. The input parameters were obtained from the meteorological station on Jungfraujoch,
part of the Swiss meteorological network ANETZ. The estimate of the atmospheric stability
(Buoyancy Frequency, N) was computed from temperature profiles derived from the nonhydrostatic numerical weather model aLMo.
In chapter 7 the non-hydrostatic correction is specifically applied to the GPS meteorological
data acquired on Jungfraujoch (JUJO). High accuracy estimates of GPS IWV on
Jungfraujoch are particularly important as they are used to estimate an altitude correction for
the IWV data from all the 31 stations in the Swiss GPS network. A non-hydrostatic
correction for the IWV GPS estimates on Jungfraujoch to improve accuracy during high wind
days is crucial, because Jungfraujoch is notorious for its föhn (foehn) winds that might cause
non-hydrostatic conditions.
The same methodology is also used for data acquired at the GPS station on Mt. Washington,
in New Hampshire, USA, a site that is claimed to have experienced the highest winds ever
recorded and the worse weather on Earth. Other sites of interest analyzed in this study
include Mount Olympus, Johnston Ridge, and Cheek Peak (Neah Bay) in Washington, USA.
These GPS sites are again chosen for their particular topography and windy conditions.
The validation of the proposed method is presented in chapter 8 and is achieved by
comparing IWV GPS measurements, with and without non-hydrostatic equilibrium
correction, with PFR (Precise Filter Radiometer) IWV estimates on Jungfraujoch. However,
the PFR estimates at Jungfraujoch were very sparse and data were missing for entire weeks
exactly on those days when high winds blew through the pass and the non-hydrostatic
conditions were taking place. On those days of high winds our correction model is predicted
to work best. Unfortunately, only certain days with lower winds could be validated by PRF
IWV data, when the GPS errors due to the orographic wind are almost negligible.
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Additional validation was achieved using a statistical analysis. In this analysis, the variation
of the ZHD with respect to wind speed and other atmospheric parameters are studied. Trends
and patterns that confirm the effect of non-hydrostatic conditions on the ZHD estimates are
observed. From this study it emerges that the data quality improvement is achieved when the
non-hydrostatic correction proposed in this thesis is introduced during high wind days.
The results of the theoretical modeling on Jungfraujoch topography are compared with
independent pressure estimates derived from the Swiss non-hydrostatic numerical
atmospheric model aLMo. From our study it emerges that aLMo, because of its 7 km
horizontal grid, is not able to capture the pressure anomaly resulting from the small-scale
phenomenon due to orographic uplifting on Jungraujoch. The pressure deviation from
hydrostatic equilibrium on Jungfraujoch (a mountain pass of half-width L=2.6 km) is the
result of a small-scale phenomenon that requires a model with a higher resolution than the
current numerical weather models usually used for the study of weather patterns.
Therefore, it is necessary to use an approximate theoretical model for the proposed estimate
of the Zenith Hydrostatic Delay correction until more accurate atmospheric models are
available. The aLMo data are used to extract temperature profiles (in absence of radiosonde
data) to evaluate the atmospheric stability and slightly improve the accuracy of the pressure
deviation estimate.
As pointed out in the conclusions, even high accuracy non-hydrostatic numerical weather
models cannot capture this small-scale phenomenon (orographic uplifting). Therefore, until
new more accurate numerical models are available, we need to rely on approximate
theoretical models (such as the one proposed in this thesis) for the non-hydrostatic correction
of the ZHD and PWV.

1.4.2 Part II: GNSS Antenna Design Enhancement
In high accuracy GPS applications the effects of the GPS antenna performance are critical
and need to be taken into account. Properly improving the antenna design in terms of
multipath mitigation, phase center stability, and radome enhancement, certainly contributes to
improved accuracy.
Further accuracy improvement can be obtained by using additional satellites and signals.
With the future introduction of Modernized GPS and GALILEO (Global Navigation Satellite
System - GNSS) by year 2012, several more frequencies and signals will be available.
Therefore, future GNSS (Global Navigation Satellite Systems) high accuracy antennas will
need to receive L-band signals within a large band, between 1.15 GHz and 1.60 GHz. The
present dual frequency choke ring GPS antenna design is inadequate for future high accuracy
applications.
Access to these additional satellite signals from multiple GNSS systems will contribute to the
improvement of present high-accuracy GPS measurements and relevant IWV estimates.
•

Adding to the number of satellites signals available to the GPS networks, it is possible
to improve GPS performance by allowing optimization of the satellite geometry: the
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•
•
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selection of a subset of available signals reduces the dilution of precision (DOP)
factor.
The use of multiple frequencies allows carrier phase integer ambiguity resolution and
achieving over-determined solutions. The ambiguity resolution improves for a triple
versus dual frequency solution, but even better results can be obtained using
Modernized GPS + Galileo.
The power of Galileo signals will be greater by a factor of 2, causing reduction of
tracking noise for both phase and code ranges.
GNSS will involve less tracking and multipath noise thanks to the new signal
modulation.
Multipath performance of Galileo BPSK(10) code is identical to the performance of
the GPS P-code, which is not available for civilian geodetic receivers). This code is
superior to the GPS C/A code presently used in geodesy.

Therefore, the use of future GNSS on Jungfraujoch will allow improved GPS data acquisition
especially in the presence of traveling ionospheric disturbances that produce fast spatial
fluctuations causing dense increase or decrease of signal propagation delays in the
atmosphere.
Because of the performance improvements that a new GNSS antenna will provide to the
measurements acquired by the GPS station on Jungfraujoch, the second part of the thesis is
focused on the development of a new GPS antenna and ground plane able to receive future
Modernized GPS and GALILEO signals with minimal multipath interference in the whole
bandwidth between 1.15 GHz and 1.60 GHz required by future GNSS.
After introducing the main errors due to the GPS receiving antenna (chapter 8), in chapter 9,
using a basic electromagnetic theoretical analysis, the principles of geodetic GPS antenna
ground planes operation are explained using the theory of metal corrugated surfaces. Choke
ring ground planes block the propagation of plane waves and surface waves along the ground
plane, thus reducing side lobes and back lobes, preventing multipath at certain specific
frequencies (operation at cutoff). However, these deep corrugated designs (with corrugation
depth d~61 mm and ring diameter D~380 mm) are inevitably massive, heavy, and relatively
expensive to manufacture. Other choke ring modifications are compared in the literature. In
this study I have optimized the commercial choke ring performance to operate uniformly over
the band from 1.15 to 1.60 GHz, with a slightly deeper design, with corrugation depth d~65
mm.
A new wideband low-multipath high-accuracy GPS antenna is introduced in section 9.6 and
section 10.2. This new GNSS antenna features a non-cutoff frequency selective surface (FSS)
ground plane design. This non-cutoff ground plane is a shallow corrugated surface, with
corrugation depth d~25 mm and ring diameter D~340 mm, optimized to control the
propagation of surface waves, rather than suppressing them (as the choke ring antennas do at
cutoff). The non-cutoff ground plane is intended to operate in such a way that the Line-OfSight (LOS) signal from the antenna located above the non-cutoff FSS ground plane and the
surface waves propagating along the ground plane cancel each other out at the rim. This is
achieved by tuning the surface wave propagating on the ground plane to be a certain angle
out of phase with the LOS signal at the edge of the surface, causing destructive interference
and eliminating the unwanted signals for low elevation angles (below 5° elevation angle).
Signals from low elevation angles are mainly electromagnetic noise, such as multipath, or
interference sources, which tend to cause jamming. Because of its non-cutoff operation, this
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ground plane is smaller than a conventional choke ring, especially in its depth, allowing a
lighter and cheaper design. From this study it emerged that this design is more robust and
might require cheaper materials and less precise manufacturing processes.
The classic choke ring ground plane here optimized for GNSS and the new Non-Cutoff FSS
ground plane are modeled in chapter 10 and the results of numerical simulations are shown
and compared. In chapter 11 I describe the fabrication of a non-cutoff ground plane GNSS
antenna prototype and show test measurements results obtained in anechoic chamber.
Simulations and measurements are compared and discussed
In chapter 12 I draw conclusions and suggest future work, focused on further characterization
of the antenna Phase Center and on the development of a tailored heated radome for high
altitude stations subjected to considerable snow accumulation.
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2. Propagation of GPS Signals in the
Atmosphere
2.1 High Accuracy GPS and Critical Error Sources
The Global Positioning System (GPS) consists of a constellation of 24 satellites, at an
altitude of 20,000 km on six orbital planes, that transmit two radio signals in L-band
(L1=1.575 GHz and L2=1.227 GHz) towards the ground, where users equipped with GPS
receivers can determine their position and navigation information (Parkinson, 1999; Hegarty,
2005).
The Navigation Satellite Timing And Ranging (NAVSTAR) GPS was developed by the US
Department of Defense (DoD) as an all-weather, space-based navigation system to satisfy the
requirements for the military forces to accurately determine their position, velocity, and time
in a common reference system, anywhere on Earth on a continuous basis. The program
started in 1973, the first satellite was launched in 1978, and the 24th satellite Block IIA was
launched in 1994, allowing complete operating of the system.
Although it was designed for military purposes, over the last two decades GPS has become a
very important tool for several scientific and civilian applications, playing a leading role in
geodynamic studies, from local to global scale. High-accuracy GPS is being extensively used
in large-scale dynamics of the Earth, such as plate tectonics, Earth’s rotation studies, sealevel changes, post-glacial rebound, tidal effect and sea-surface topography. Moreover, the
capability of detecting the water vapor content in the atmosphere makes GPS very useful in
meteorology. New civilian applications include: roads, highways, and railroads maintenance;
traffic control and public transportation route optimization; surveying and mapping;
agriculture and environment preservation support; public safety and disaster relief;
aeronautics and marine instrument support, etc.
Within the next decade, GPS positioning, navigation, and timing civilian users can anticipate
significant performance improvements as the Modernized GPS (including a third frequency,
L5= 1176.45 MHz) become available when the European GALILEO system will be
operative in 2008-2010. The new civilian-use GPS L2 signal (L2C) and L1/L2 M-code
signals will be broadcast by GPS satellites Block IIR-M: the first was launched in September
2005. The third civil GPS signal, L5, will be broadcast by GPS satellite, Block IIF: the first
was launched in 2007. Modernized GPS is expected to be operative by the year 2012.
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The extensive utilization of GPS in high-accuracy applications is mainly due to the recent
significant improvements of the techniques involved in GPS positioning. The relatively low
cost of processing software and new receivers and their availability and portability, make
GPS a very convenient and useful instrument. However, even though research and
technology on high accuracy GPS is rapidly evolving, there is still a broad range of critical
issues that scientists and engineers need to exploit. Most of the new questions arise from the
fact that the fields of application and the accuracy required for positioning instruments have
greatly overcome the purposes for which GPS was originally designed, producing a series of
new challenging problems.
The main issues to be faced today when performing high-precision GPS measurements are
related to overcoming sources of positioning error. The dominant sources of GPS error are:
the clock error between the transmitter (satellite) and receiver (ground station), orbital errors,
receiver hardware error, atmospheric errors, and multipath. Most of the errors can be
eliminated or mitigated using differential techniques: however, multipath error and
tropospheric delay errors are still major problems, limiting the present accuracy.
•
•

multipath is the phenomenon caused by the interference of multiple reflections from
objects located nearby the receiving antenna with the direct electromagnetic signal
transmitted by the GPS satellite (Sciré Scappuzzo, 1996 and 2007).
The tropospheric delay is the time delay experienced by the GPS signal traveling
through lower (neutral) atmosphere.

The focus of this thesis is the improvement of the estimates of the tropospheric delay in
mountainous areas during critical meteorological conditions.
In general, the effects of the presence of the atmosphere on the propagation of the GPS
signals include attenuation, scintillation, and delay. The atmospheric delay can be divided
into two successive intervals (or delays), depending on what segment of the atmosphere the
signal propagates through and (therefore) is delayed by: the “ionospheric delay” and the
“tropospheric delay”.

2.2 Structure and Composition of the Atmosphere
The atmosphere is a “thin” envelope of air surrounding the Earth and is held around our
planet by gravitational attraction (Hartmann, 1994). The atmosphere is generally described in
terms of layers, each one characterized by vertical temperature gradients (figure 2.1). The air
pressure (p) in the atmosphere decreases quasi-exponentially with height (z) as:

 z − zo 
p(z) = p(z o ) ⋅ exp−

 H 

(2.1)

where zo is the height coordinate at the surface; the surface pressure is of the order of 1000
mbar, and H is the atmospheric scale height:

€
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H=

RT
g

(2.2)

with:
R=287 J K-1 kg-1 is the universal constant for ideal air
g=9.80665 m s-2 is the
€gravitational acceleration,
T= temperature in Kelvin.

Figure 2.1: The main zones of the atmosphere defined according to the vertical temperature profile in
the atmosphere between the surface and 100 km altitude. The related atmospheric layers are also
shown. (From Lutgens, F.K., E.J. Tarbuck, The Atmosphere: An Introduction to Meteorology,
Prentice Hall, 2000).

The troposphere extends from the surface to the tropopause, at the approximate altitude of 18
km in the tropics, 12 km at mid-latitudes, and 6 to 8 km near the poles. The troposphere is
characterized by a decrease of the mean temperature with increasing altitude. This layer
contains about 85-90% of the atmospheric mass. It is often unstable with rapid vertical
exchanges of energy and mass being associated with convective activity. Most of the
variability observed in the atmosphere occurs within this layer, including the weather patterns
associated with the passage of fronts or formation of thunderstorms.
Above the troposphere (whose upper limit is the tropopause), the atmosphere becomes very
stable as the vertical temperature gradient reverses in a second atmospheric region called
stratosphere. This layer extends up to 50 km all the way to the stratopause, and contains 90%
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of the atmospheric ozone. The layer between 50 km and 90 km altitude is called mesosphere
and its upper limit is the mesopause. In this layer the temperature again decreases with
height. Above 85-90 km there is a region, called the thermosphere, in which the temperature
increases to reach maximum values that are strongly dependent on the level of solar activity.
The escape to space of hydrogen atoms takes place from the exosphere, which is the
atmospheric region in contact with the interplanetary medium. The exosphere has most
certainly contributed to substantial changes in the chemical composition of the atmosphere
over geological history.
The Earth’s atmosphere is a mixture of a multitude of chemical constituents (Brasseur et al.,
1999). The most abundant of them are nitrogen N2 (78%) and oxygen N2 (21%). Other noble
gases found in literature include argon (0.93%), neon (18.18 ppmv), and helium (5.24 ppmv).
These gases possess very long lifetimes against chemical destruction, and therefore they are
ultimately well mixed throughout the entire homosphere (below ~90 km attitude). Minor
constituents such as water vapor, carbon dioxide, and ozone, also play an important role
despite their lower concentration for their greenhouse effect (as discussed in Chapter 1).

2.3 Signal Propagation: Time and Path Delay
2.3.1 Ionospheric Delay
The Ionosphere extends from about 50 to 1000 kilometers above the Earth's surface. Within
the Ionospheric layer the sun's ultraviolet radiation ionizes gas molecules and causes them to
lose electrons. These free electrons influence the propagation of microwave signals (speed,
direction and polarization) passing through this ionized atmospheric layer. The spectrum of
the ionospheric variations is a function of the elevation angle of the satellite with respect to
the receiver, the season, the time of day, and the level of solar activity.
The dispersive nature of the ionosphere produces a different effect on electromagnetic waves
at different frequencies and hence impacts the L1 and L2 signals by a different amount. A
linear combination of pseudo-range or carrier phase observations on the L1 and L2 carrier
waves can be computed to eliminate most of the ionospheric delay. This is the reason why
GPS satellites transmit in two different frequencies (Parkinson, 1999).
For single-frequency receivers it is not possible to account for this signal bias using
differential techniques. Instead, a broadcast model of the ionospheric delay contained within
the transmitted Navigation Message is used. However, because the ionospheric delay is
difficult to predict, usually this method is not very accurate.
The ionospheric delay at zenith can be several tens of meters, and is larger at lower elevation
angles, where it can be 3-5 times greater than at zenith. The delay can be largely eliminated
in Relative or Differential Positioning: however, the residual ionospheric delay increases as
the baseline length increases and may be a significant source of error (especially in the height
component) for very high precision GPS Geodesy and Meteorology.
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2.3.2 Tropospheric Time or Path Delay
The troposphere is a non-ionized part of the atmosphere denoted as neutral atmosphere. The
troposphere is a non-dispersive medium for electromagnetic waves up to 15 GHz, and
therefore the propagation of GPS satellite signals is frequency independent at GPS
frequencies. Consequently, a distinction between carrier phases and code ranges derived from
different carries L1 and L2 is not necessary. The disadvantage is that an elimination of the
tropospheric refraction by dual frequency methods is not possible.
When the GPS signal travels through the neutral atmosphere it is subject to a propagation
delay due to two main phenomena that affect its velocity vector:
a) The speed of propagation of the GPS signal is reduced due to the non-vacuum
electromagnetic properties of the atmospheric media, properties that depend on the thickness
and chemical composition of the atmosphere
b) The direction of propagation of the signal velocity vector does not follow a straight line,
but bends in a curved line, due to strong variation of the refraction index in the lower part of
the atmosphere.
Therefore, the corresponding time or path delay introduced by the troposphere depends on
the refractive index along the actual path traveled by the received signal. The effects may
vary with the elevation angle of the satellite, since lower elevation angles produce a longer
path length through the atmosphere. Therefore, when the GPS satellites are at zenith the
propagation delay is minimum and it increases as the elevation angle decreases. Moreover,
the delay varies with the specific atmospheric gas density profile at different altitudes.
The atmospheric delay produces an error in the estimation of the position of a GPS user, and
needs to be estimated and eliminated in order to improve the positioning performance.
However, this error can be turned into very useful information for atmospheric scientists,
considering that the L-band signals are sensitive to the presence of water vapor in the
atmosphere and their propagation is affected by the water vapor distribution with altitude.
Because the atmosphere consists of a mixture of dry gases and water vapor, the GPS
propagation tropospheric delay is usually decomposed in two terms:
1. hydrostatic or dry component, called the “hydrostatic delay” and
2. wet component (that involves only water vapor), called “wet delay”.
Present GPS tropospheric delay estimates use the assumption of hydrostatic equilibrium of
the atmosphere for the modeling of the dry component of the delay.
In literature “hydrostatic delay” has been preferred to “dry” delay, because this term actually
contains some wet terms. However, in this study we are speculating that in certain areas
where the weather is affected by high winds and turbulence, this term cannot be modeled
using the hypothesis of hydrostatic equilibrium. Therefore, in this study it is suggested that
both the names usually attributed to this “not-completely-dry” term and “not-completelyhydrostatic” term cannot be considered correct. Because this term contains both dry and some
wet terms as well as hydrostatic and non-hydrostatic terms, we suggest that in the future
literature it should be referred to as “Mixed Delay”. However, using the conventional
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terminology, in this thesis we will continue to adopt the term hydrostatic delay for easier
identification of terms and corrections.
The hydrostatic delay is mainly due to nitrogen and oxygen in the atmosphere. It represents
about the 90% of the total GPS signal delay and has typical values of about 200 –230 cm at
sea level at zenith. It can be modeled using the local surface air pressure: by measuring the
barometric air pressure at the surface the hydrostatic part of the atmospheric delay can be
estimated quite accurately in most circumstances. However, the hydrostatic approximation is
not always valid, especially on mountains where the orographic uplift might cause a surface
pressure deviation from hydrostatic equilibrium due to vertical motion of the air. In his thesis
we investigate the relevance of this error and how this error can affect GPS positioning and
water vapor estimation.
The “wet delay” is associated with water vapor and has density highly variable over short
periods of time and over short distances. Although it represents only about 5% to 15% of the
total delay, it is very difficult to assess because it cannot be accurately estimated from surface
measurements due to the fact that water vapor can vary with altitude. Depending on the
weather conditions and humidity, the range delay due to the wet delay can have values from 3
cm up to 40 cm at zenith at sea level. The total column density of water vapor cannot be
accurately sensed from surface meteorological measurements because it is poorly mixed in
the atmosphere and shows large spatial and temporal variability.

2.4 Mathematical Modeling of Tropospheric Delay
2.4.1 GPS Time and Path Delay
The tropospheric delay can be written as the difference between the time necessary for an
electromagnetic wave to propagate through an atmosphere of index of refraction n(t,s;ε,φ)
and the time that the same wave would need to propagate along a straight line through
vacuum at the speed of light:
tr

tr

ts

ts

τ atm ( t;ε, φ ) = ∫ dt atm − ∫ dt vac

(2.3)

The first integral is computed along the actual path (diffracted curved path) through the
atmosphere of an electromagnetic wave originating from a radio source (the GPS satellite) at
time ts and received
€ by the GPS receiver at time tr, propagating in an atmosphere of index of
refraction n(t,s; ε,φ). The second integral is evaluated along the path that an electromagnetic
wave would propagate along if the atmosphere had a refractive index no equal to vacuum
(Euclidean path, i.e. straight line).
The delay can be also expressed in terms of Path Delay, by introducing the path and the
velocity of propagation for the signal.

dt =

ds
dv
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€

(2.4)

We introduce the refractive index in the atmosphere (n) and in vacuum (no) as:

c
n= ;
v

c
and n0 = = 1
c

(2.5)

where v is the velocity of propagation of the GPS signal through the atmosphere, and c is the
speed of light.

€

Substituting (2.4) and (2.5) in (2.3), the Time Delay and Path Delay (in units of length) can
be expressed as:

ds
ds
− ∫
atm dv vac dc

τ atm ( t;ε, φ ) = ∫

(2.6)

1
1
= ∫ n(t,s;ε, φ ) ⋅ ds − ∫ no ⋅ ds
c atm
c vac

€

 ds
ds 
ΔPD ( t;ε, φ ) = c ⋅  ∫
− ∫

atm dv vac dc

(2.7)

= ∫ n(t,s;ε, φ ) ⋅ ds − ∫ no ⋅ ds
atm

vac

Also, the time delay can be expressed in units of equivalent length by choosing units in which
the speed of €
light is unity.
As explicitly shown in (2.6) and (2.7), the refraction index n is variable with time (t), changes
with space along the path of propagation (s), and depends on the elevation angle (ε) and
azimuth angle (φ) of the GPS transmitting satellite with respect to the GPS receiver on the
ground.
The evaluation of the second integral of formula (2.7) requires only the knowledge of the
position of the source and of the receiving antenna. However, the evaluation of the first
integral requires also the knowledge of the index of refraction in the neighborhood of the
actual path of propagation. Unfortunately, in practice, it is not possible to know the refractive
index value at each point of the propagation path, and it is therefore necessary to introduce
models of the structure of the atmosphere to infer the missing information.
If we add and subtract the quantity ± ∫ no ds , the atmospheric delay can be written as:
atm


 

ΔPD ( t;ε, φ ) =  ∫ n(t,s;ε, φ )ds − ∫ no ds +  ∫ no ds − ∫ no ds =
atm
 atm

€
atm
vac

€
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(2.8)

o − Δno
ΔPD ( t;ε, φ ) = ∫ [n(t,s;ε, φ ) −1] ds + Δnatm
vac

(2.9)

ΔPD ( t;ε, φ ) = ∫ [n(t,s;ε, φ ) −1] ds + ΔDP
atm−vac

(2.10)

atm

atm

€
DP
where Δ atm−vac merely depends on the change of the path, i.e. the change in direction of

propagation and not on the chemical composition of the atmosphere. Therefore, formula (2.8)
€to separate the two components of the atmospheric delay into: (1) the delay due to
allows us
the chemical composition of the atmosphere; and (2) the delay due to the bend of the path of
€ propagation.
In formula (2.10) the refractive index, n can be expressed as function of the Refractivity N.
The refraction index is close to unity and it is more practical to work with the Refractivity N
instead, defined as:

N (t,s;ε.φ ) = 10 6 (n(t,s;ε, φ ) −1)

(2.11)

(n(t,s;ε.φ ) −1) = 10−6 N (t,s;ε,φ )

(2.12)

and therefore:

€

Substituting (2.12) in (2.10), we obtain:

€
ΔDP ( t;ε, φ ) = 10 −6 ∫ N ( t,s;ε, φ ) ds + ΔDP
atm−vac

(2.13)

atm

In the following we will focus on the first term of equation (2.13), as a function of the
Refractivity.

€

2.4.2

Mapping Functions

For an atmosphere azimuthally symmetric about the receiving antenna, the atmospheric delay
depends only on the vertical profile of the atmosphere and the elevation angle of the radio
source. The function that describes the dependence upon elevation angle of the atmospheric
delay is called the “mapping function”. In other words the mapping function describes the
transformation from the delay at Zenith to the slant delay at different elevation angles.
Quite generally it possible to write the first integral of (2.13) as:
∞

ΔDP ( t;ε, φ ) = m (ε,P ) ⋅10 −6 ∫ N (z)dz
0

€
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(2.14)

Where m(ε,P) is the mapping function and depends on the elevation angle ε and the
parameter vector P. P is a parameterized representation of the behavior of the index of
refraction in the atmosphere. The number of elements (or parameters) in P depends on the
assumptions made about the atmospheric structure. For example, if one assumes that the
atmosphere does not have a defined structure, P would be a vector of infinite dimensions (or
number of elements), containing the information related to the index of refraction at all
points. However, the refraction index cannot be known at all points. Therefore, it is
advantageous to make some reasonable assumptions and approximations about the structure
of the atmosphere.
The integral in formula 2.14 represents the atmospheric delay for a radio source at Zenith.
This integral is conventionally referred to as the “Zenith Delay”, and will be discussed in the
next section.

ΔDP ( t;ε, φ ) = m (ε,P ) ⋅ ΔDP
z

(2.15)

where the Zenith Total Path Delay is given by:

€

∞

−6
ΔDP
z = 10 ∫ N (z)dz

(2.16)

0

It is useful to distinguish two components of the atmospheric delay, one related to the “dry”
and one related to the “wet” components of the troposphere. In this case it is necessary for the
two relative mapping €
functions to express (2.15) as (Hopfield, 1969), (Davis et al., 1985):

ΔPD ( t;ε, φ ) = m d (ε,P ) ⋅ Δzd + m w (ε,P ) ⋅ Δzw

(2.17)

where the subscript d on the zenith delays and mapping functions refers to “dry” and w to
“wet” components. Note that in literature the terminology is as follows:

€

Δzd = ZHD
Δzw

(2.18)

= ZWD

In the analyses of GPS data the analytic form used for mapping of the atmosphere delay from
Zenith to the line of site is most often a three-parameter continued fraction in 1/sin(ε), where
ε is the elevation angle. €
There has been a large body of literature on mapping functions and modeling improvements
since the early seventies. In 1972 Marini showed that a continued fraction can be used to
approximate the elevation angle dependence of the atmospheric delay. The mapping function
proposed by Marini is as follows:
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(2.19)

1

m M (ε ) =

a

sin ε +

b

sin ε +
sin ε +

c
sin ε + .....

where a,b,c, …. are constants.
€
Chao (1974) introduced a slight variation to the same type of formula, where the sin ε is
substituted by tan ε to ensure that m(90°)=1. In 1985 Davis et al. developed a modification to
the Chao and Marini mapping functions, distinguishing the dry and hydrostatic delay
component of the atmosphere. The reason for this specificity of the mapping function was
due to the fact that the dry and wet refractivity have different behaviors. The Davis formula
had an improved accuracy with respect to the Chao’s formula at low elevation angles. In
order to achieve sub-centimeter accuracy at 5° elevation angle, the Chao mapping function
was modified as:

(2.20)

1

m D (ε ) =

a

sin ε +
tan ε +

b
sin ε + c

The advantage of using this form is its simplicity, both in calculating the mapping function
itself and in calculating
partial derivatives of the mapping function with respect to the
€
parameters to be estimated. The disadvantage of this form is that for higher elevation angles
(20°-60°), tan ε does not approach sin ε quickly enough, so that there will be 1-2 mm errors
in representing the atmospheric delay using (2.13) for these elevations. Other small
modifications to the basic formula proposed by Marini were introduced in Ifadis (1986, and
1987).
Further enhancements of the mapping function were proposed by Herring (1992), and Neill
(1996)

1+
m H (ε ) =
sin ε +

a
b
1+
1+ c
a

sin ε +

+
(2.21)

b
sin ε + c

All the mapping functions previously described were based on meteorological parameters.
Because of the different behavior of the lower atmosphere with respect to the higher
atmosphere, Niell€(1996) developed a mapping function dependent on the geographical
location, rather than the meteorological parameters (NMF). Moreover, Niell introduced a
height correction term.

22

1+
m N (ε ) =
sin ε +

a
b
1+
1+ c
a

sin ε +

+
+ H ⋅10 −3 ⋅ M h

(2.22)

b
sin ε + c

The accuracy of all mapping functions is 1 cm or better. The main difference between
different mapping functions is in the elevation angle at which certain accuracy occurs.

€
New mapping functions based on in situ meteorological parameters have been developed for
calculating the radio path length through the atmosphere at elevations down to 3° elevation
angle (Niell, 2000). The hydrostatic component of the mapping function provides a factor of
two improvement in accuracy over previous ones at mid-latitudes, while the wet component
provides only 25% improvement. This seems a good improvement, since the effect of known
errors in the hydrostatic mapping function dominates that from the wet component (except
near the equator).
The commonly used Niell hydrostatic Mapping Function (Niell 1996) and the more recent
Isobaric hydrostatic Mapping Function (IMF) (Niell 2000), based on numerical weather
fields, have significant differences in the derived zenith total delay (ZTD) parameters and site
positions. The largest differences occur in Antarctica, where the annual mean heights differ
by up to 15 mm (Vey et al., 2006). It is inferred that the significant differences are due to the
mapping function model: IMF seems to improve the repeatability in station heights in high
southern latitudes significantly and reduce the dependence of the solution on the elevation
cut-off angle by about 20%. The use of mapping function parameters based on
meteorological data seems to improve the global GPS analyses.
Boehm and Schuh (2004) introduced new mapping functions, called the Vienna Mapping
Functions (VMF): within these functions the troposphere is assumed symmetric around the
GPS station. For the b and c coefficients the best available values at that time were taken
from the isobaric Mapping Functions (IMF) for the hydrostatic part, and from the Niell
Mapping Function (NMF) at 45° latitude (Niell, 1996) for the wet part.
An updated version for the VMF was developed in Bohem, 2006, which is based on new b
and c coefficients for the hydrostatic mapping functions, called VMF1. For VMF1, the c
coefficients from ray tracing are fit to a function of altitude and day of year to remove
systematic errors. This is important for geophysical applications (e.g. geodesy) to determine
the correct seasonal and latitude dependence of hydrology. Moreover, unlike the NMF, the c
coefficients are no longer symmetric with respect to the equator (apart from the opposite
phase for the two hemispheres). Compared to VMF, this causes an effect on the GPS station
heights that is constant and as large as 2 mm at the equator and that varies seasonally between
4 mm and 0 mm at the poles. The updated VMF, based on these new coefficients yields
slightly better baseline length repeatability for VLBI data.
An alternative approach to the traditional separation into wet and hydrostatic mapping
functions is introduced in the Total Vienna Mapping Function, (VMF1-T): this function is
used to map Total Delays, instead of hydrostatic and wet component.
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The ‘true’ mapping functions, which serve as the standard of comparison for the models, are
calculated by ray-tracing through the atmosphere using the state given by vertical profiles of
the pressure, temperature, and relative humidity obtained from radiosonde profiles (assuming
spherical symmetry).

2.4.3 Refractivity Model
From (2.13) the Zenith Total Delay can be written as:
−6
ΔDP
∫ N ( x, y,z;t;ε, φ ) ds
T ( x, y,z;t;ε, φ ) = 10
atm

where:

x= Coordinate of the GPS station at the lower value on the x axis
y=
€ Coordinate of the GPS station at the lower value on the y axis
z= Vertical Coordinate of the GPS station at the lower altitude
N(x, y, z; t,ε,φ) = Refractivity of the atmosphere as function of the altitude.
For simplicity of notation in the following we will assume the dependency of the atmospheric
delay on t, ε, and φ (time, elevation angle, and Azimuth) without explicit reference to this
dependence.
From Thayer (1974) the refractivity of moist air can be expressed by a three-term formula as:

N = k1

pd −1
p
p
Z d + k 2 w Z w−1 + k 3 w2 Z w−1
T
T
T

(2.23)

where:
T= temperature
pd= partial pressure of the “dry” constituents = ZdρdRdT
€
pw=e= water vapor pressure= ZwρwRwT, with pd= p-e.
Z-1d = inverse compressibility for the dry constituents
Z-1w = inverse compressibility for the water vapor
k1, = 77.604±0.014 K/mbar
k2, = 64.79±0.08 K/mbar
k3 = 377600±400 K2/mbar
(k1, k2, and k3 are empirically determined constants).
The compression factors Z-1d and Z-1w account for the correction for non ideal gas behavior.
Therefore, the refractivity N is mainly a function of meteorological parameters: the air
pressure of dry gas (air) and water vapor, and the temperature.
We want now to introduce the density of air. If we define:

ρ = ρd + ρw

€

24

(2.24)

k 2' = k 2 − k1
the refractivity can be expressed as:

Rd
,
Rw

(2.25)

p
p
N = k1 Rd ρ + k 2' w Z w−1 + k 3 w2 Z w−1
€
T
T

where:

(2.26)

ρ= density of air
ρd= density
€ of the dry component of air
ρw= density of the water vapor
k2’=16.52 ± 0.1 K/mbar
Md = 28.9644 kg kmol-1, Molar Mass of dry air
Mw = 18.1052 kg kmol-1, Molar Mass of water vapor
Rd= Specific gas constant of dry air = 287.050 J/(kg K)
Rw= Specific gas constant for water vapor = 461.495 J/(kg K)
R= 8314.34±0.35 J kmol-1 K-1, Universal gas constant
with:

Rd M w
=
Rw M d

(2.27)

This modification to the formula (2.23) is such that the first term of equation 2.27 is only
dependent on the total density ρ and not on the wet/dry mixing ratio, which is usually
unknown.

€

Substituting the model of the refractivity (2.27) in (2.23) the Zenith Total Delay can be
written as:
−6
ΔPD
T = 10

(x,y,z=∞)

∫
(x,y,z=h)

k1 Rd ρ dz + 10 −6

(x,y,z=∞) 

p
' p
−1
−1 
 k 2 w Z w + k 3 w2 Z w  dz (2.28)

T
T
(x,y,z=h) 
∫

The first term of (2.28) is the dry part, while the second and third terms make up the wet part
of the Zenith Delay.

€

−6
ΔPD
d = 10

(x,y,z=∞)

∫ k1 Rd ρ
(x,y,z=h)

dz

(x,y,z=∞) 
pw −1 
−6
' p w −1
ΔPD
=
10
k
Z
+
k
∫

w
2
w
3 2 Z w  dz

T
T
(x,y,z=h) 
€

(2.29)

(2.30)

It is not possible to solve the integral (2.30), since the density of the atmosphere at each point
of the €
propagation path is not known. Therefore it is convenient to substitute the density with
a term derived from the formula for hydrostatic equilibrium, which only depends upon the
barometric pressure measured at the GPS site.
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2.4.4 Zenith Hydrostatic Delay and Hydrostatic Equilibrium
The atmosphere is in hydrostatic equilibrium when the gravitational force balances the
vertical component of the pressure gradient force, in absence of strong vertical atmospheric
motion. Therefore, in hydrostatic equilibrium the atmosphere does not contain vertical
accelerations driven by the pressure gradient term.
The hydrostatic equation condition is usually a good approximation for most of the GPS
stations.

dp
= −ρ (z)g(z)
dz

where:

(2.31)

g(z) is the acceleration due to gravity at the vertical coordinates,
p(z) is the total pressure, and,
ρ(z) is the total mass
€ density
At this point it is convenient to define a new term, gm, the acceleration due to gravity at the
center of mass of the vertical column of air. It can also be interpreted as the density-weighted
average acceleration of gravity. As a formula it is given by:

gm =

∫ ρ (z) g(z) dz
∫ ρ (z) dz

(2.32)

The acceleration of gravity can be expressed as:

 1  
€ m 
gm = 9.8062 2  ⋅ 1 − 0.00265 ⋅ cos 2ϕ − 0.00031  ⋅ hc 
s  
 km  

(2.33)

The height of the center of the atmospheric column above the ellipsoid, hc, is usually derived
using the formula from Saastamoinen, 1972, as:

€

(2.34)

hc = 7.3 + 0.9 ⋅ h
where h is the height of the antenna site above the ellipsoid in kilometers.

Therefore, the Zenith Hydrostatic
Delay is usually modeled as:
€

ΔPD
d

dp h 
= ZHD = 10 k1 Rd (gm )
∫ −
 dz
dz 
(x,y,z) 
−6

−1

(x,y,∞)

(2.35)

or also:

[

]

−6
−1
ΔPD
p h (x, y,z)
d = ZHD = 10 k1 Rd (g m )

€

(2.36)

The meteorological parameter, ph, is the surface pressure measured at the GPS station in
hydrostatic conditions. Therefore, the Zenith Hydrostatic Delay is usually computed as
function of €
the surface pressure. In this thesis the formula (2.35 and 2.36) will be modified to
include a non-hydrostatic correction that takes into account the pressure deviation from
hydrostatic equilibrium on mountains affected by orographic uplift.
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2.4.5 Zenith Wet Delay
As derived in formula (2.30), the Zenith Wet Delay is usually modeled as:
−6
ΔPD
w = ZWD = 10

(x,y,z=∞) 

p
' p
−1
−1 
 k 2 w Z w + k 3 w2 Z w  dz

T
T
(x,y,z=h) 
∫

The two terms in the previous integral are function of the temperature at each point in the
integration path. However, only radiosonde profiles at the station could provide such
information,
but only for certain times. In order to solve the integral we introduce a new
€
quantity, the mean temperature (Davis et al., 1985):
∞

pw −1
⋅ Z w ⋅ dz
h T
TM = ∞
p
∫ w2 ⋅ Z w−1 ⋅ dz
hT
∫

for

(2.37)

p
pw = Z w ρ w RwT , it follows that w Z w −1 = ρ w Rw
T
€
Substituting in the formula for the Zenith Wet Delay and the Mean Temperature we obtain:

€

−6
ΔPD
w = 10

(x,y,z=∞) 


1
€
'
 k 2 ρ w Rw + k 3 ρ w Rw  dz =

T
(x,y,z=h) 

= 10 −6 k 2' Rw

∫

(x,y,z=∞)

∞ρ

(x,y,z=h)

h

∫ ρ w dz +10 −6 k 3 Rw ∫

w

T

(2.38)

dz

and
∞

Rw ∫ ρ w ⋅ dz

€

TM =

h
∞ρ

Rw ∫

(2.39)
w

T

h

⋅ dz

From simple manipulations of (2.39) it follows that:
∞

€
∞ρ

∫

h

w

T

∫ ρ w ⋅ dz

⋅ dz =

h

TM

(2.40)

Therefore, substituting 2.39 and 2.40 in 2.30, the Zenith Wet Delay can be written as function
of the water vapor density in the atmosphere:

€
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ΔPD
w

(x,y,z=∞)
 '
k3 
= 10  k 2 +
 ⋅ Rw ∫ (ρ w ) dz
TM 

(x,y,z=h)
−6

(2.41)

If the mean temperature cannot be derived from atmospheric observations, it is possible to
approximate with TM≈260±20 K (Davis et al., 1985). A better approximation can be achieved
using the €
surface temperature information with a relative error <2% (Bevis et al., 1992):

TM = 70.2 + 0.72 ⋅ TS

(2.42)

Again, we do not know the density of the water vapor in the atmosphere at each point in the
integration path, and cannot derive the Zenith Wet Delay directly from this formula.
€ usually derived subtracting the estimated Zenith Hydrostatic Delay
The Zenith Wet Delay is
(from formula 2.36) from the measured Zenith Total Delay provided by the GPS
measurements.
PD
ΔPD − ΔPD
d = Δw

(2.43)

However (2.41) is useful for estimating integrated water vapor in the atmosphere, following
the procedure described in the next section.

€

2.5 Integrated Water Vapor and Precipitable Water
The integrated water vapor in the atmosphere, i.e. vertically integrated mass of water vapor
per unit area is defined as:

 kg  (x,y,z=)∞
IWV  2  =
∫ ρ ds
 m  (x,y,z=h)w

(2.44)

Therefore, form (2.41), the Zenith Wet Delay can be related to the IWV as follows:

€


k3 
−6 '
ΔPD
=
10
k
+

 ⋅ Rw ⋅ IWV
w
2
TM 


(2.45)

or:

ΔPD
w
IWV =

k
10 −6  k 2' + 3
TM


€


 ⋅ Rw


(2.46)

Consequently, the IWV can be determined using GPS data from the Zenith Total Delay as:

€
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 kg 
IWV  2  =
m 

ΔPD − ΔPD
d

k 
10 −6  k 2' + 3  ⋅ Rw
TM 


(2.47)

Also, Precipitable Water in meters (PW) can be derived from the IWV using the following
expression:

€

 kg 
IWV ⋅  2 
m 
PW[m] =
ρ LW

(2.48)

In chapter 4 it will be shown how errors in the modeling of the Zenith Hydrostatic Delay due
to non-hydrostatic conditions ultimately produce errors in the estimation of the IWV (2.47)
and PW (2.48). Moreover,
a correction will be proposed to improve the estimation accuracy
€
for GPS meteorology purposes.

29

30

PART I:
Non-Hydrostatic Error Analysis
and Corrections
3. Non-Hydrostatic Conditions on
Narrow Mountains with High
Winds
In this chapter, the theoretical bases for the approach proposed in this thesis are presented
in detail. The importance of taking into account non-hydrostatic corrections in Geodetic
and Meteorological GPS data acquired over certain topographies and during particular
atmospheric conditions is discussed by introducing the concept of orographic uplift and
non-hydrostatic equilibrium on narrow mountains affected by severe weather.
A preliminary validation of the existence of non-hydrostatic conditions is carried out in
this chapter by using scale analysis applied to the equations of motion in the atmosphere.
From this study it emerges that near narrow ridges (i.e. mountains with approximately
mesoscale widths) exposed to high winds, the vertical component of the atmospheric
equations of motion contains a non-negligible total vertical acceleration term that implies
non-hydrostatic conditions.
The concepts of hydrostatic equilibrium and atmospheric stability are presented in detail
in this chapter as well, since they are important for the proposed correction procedure.
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3.1 Scientific Basis for Proposed GPS Corrections:
from Hypothesis to Validation
In GPS Geodesy and Meteorology we usually analyze large sets of measurements,
observe a certain recurrent trend in the data, and try to infer its causes from the
observations.
In the present study I have adopted a different approach: I start from a hypothesis based
on a physical phenomenon and I carry out theoretical modeling to show how this
phenomenon is likely to affect GPS data. I estimate a correction to the conventional GPS
Meteorology processing techniques, and introduce it in the GPS data. I then compare the
GPS Integrated Water Vapor (corrected and non corrected) with some independent
measurements (Precise Filter Radiometer, PRF IWV) to validate the theory. Also
statistical analysis of the GPS data is performed.
Therefore, the steps adopted in this thesis can be synthesized as follows:
1. Hypothesis: non-hydrostatic equilibrium conditions exist in the atmosphere near
narrow mountains affected by high winds
2. Physical phenomena: non-negligible pressure deviation from hydrostatic
equilibrium takes place at the summit and on the upwind and lee side of the
mountain due to orographic wind (Extended Bernoulli Theorem).
3. Theoretical modeling: the pressure deviation from hydrostatic equilibrium based
on the theory of mountain wave dynamics can be modeled for steady flow over a
ridge.
4. Proposed Correction: the Zenith Hydrostatic Delay for GPS measurements is
estimated using a non-hydrostatic correction. This correction is also used to
improve the estimates of IWV and PW.
5. Validation: the validation process is performed in three different ways:
• Comparison with the pressure deviation from hydrostatic equilibrium
computed using a non-hydrostatic numerical meteorological model
(aLMo).
• Comparison with Ground truth meteorological data (water vapor column
and precipitable water measurements) from Precision Filter Radiometer
(PRF).
• Statistical analysis of the data with and without the non-hydrostatic
correction.
In this chapter I introduce:
1. The hypothesis, discussing hydrostatic and non-hydrostatic equilibrium conditions; and
2. The physical phenomenon explaining orographic uplift.
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3.2 The Hypothesis and the Physical Phenomenon
Localized strong winds can be often found on mountains and their vicinity: the high wind
speed results from the collision of the air with the mountain itself (figure 3.1). As the
wind reaches the mountain, its topography forces the air upward, increasing the speed of
the airflow and introducing a vertical component to the velocity vector, which might
cause non-hydrostatic equilibrium conditions. This is called ”Orographic Uplifting”, i.e.
the lift due to the steep shape of the mountain.
In this study I adopt a two-dimensional model of a narrow ridge (as in figure 3.1): for a
mountain pass, such as Jungfraujoch, or a mountain chain, such as Mount Washington,
this approximate model describes with sufficient accuracy the air-flow along the
mountain (see chapter 4).

Vertical
Component

Windward
Side

Leeward
Side

Figure 3.1: Airflow over a ridge due to Orographic lifting.
The air temperature decreases as it is lifted over the mountain, resulting in clouds and
precipitation on the windward side of the mountain. When the air parcel descends the
leeward slope it begins to heat up adiabatically. The parcel looses its saturated state and
therefore keeps descending the entire slope, increasing its temperature. On the leeward
side of the mountain it is warmer and drier than at the same elevation on the windward
side of the mountain. This process explains the usual weather conditions that take place
on mountains and the so-called foehn wind, often observed in the Swiss Alps.
The foehn is a warm, dry airflow that comes down the mountainsides in the spring and
fall. It is a southern wind created by pressure differences on the north and south sides of
the Alps. When the pressure drops on the north side, a vacuum forms and pulls the wind
up the face of the mountain and down the other side.
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The most important consequence of the Orographic uplifting in relation to our research is
that, according to the Generalized Bernoulli Principle [Schar, 1993][Schar, 2003][DavisJones, 2003], the increasing speed of flowing air reduces the value of the air pressure with
respect to its hydrostatic equilibrium value (e.g. there is a pressure deviation from
hydrostatic equilibrium).
In a more stable atmosphere a stronger pressure deviation from hydrostatic equilibrium is
expected to occur due to the more rigid “cap” that limits the vertical extent to which the
air can rise above the mountain, causing a higher wind-speed and a stronger Bernoulli
effect (figure 3.2). However, I will show mathematically in Chapter 4, section 4.2.2 that
this intuitive phenomenon is true only for moderate wind speeds and stable atmospheres.
On the contrary, at lower wind speeds, a less stable atmosphere encourages vertical
motion at the summit and supports non-hydrostatic conditions as well.

Increasing
wind speed

Figure 3.2: Extended Bernoulli’s Theorem for a stable atmosphere. As the wind reaches a
mountain the air is forced upward. This increases the wind speed towards the summit,
lowering the pressure. (Courtesy of the Mount Washington Observatory Weather
Arcade).

3.3 Hydrostatic Equilibrium on Mountains
In the introduction I have suggested that on narrow mountains affected by severe weather
(and in particular experiencing relatively high winds) the hypothesis of hydrostatic
equilibrium is not adequate, due to the strong vertical motion caused by winds and
mountain topography. In this section I introduce the theoretical basis for this argument,
starting with the definition of hydrostatic and non-hydrostatic equilibrium in the
atmosphere and proceeding with a scale analysis to estimate the order of magnitude of
this phenomenon.
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3.3.1 Definition of Hydrostatic Equilibrium
The atmosphere is in Hydrostatic Equilibrium when the gravitational force balances the
vertical component of the pressure gradient force in absence of strong vertical
atmospheric motion.
A schematic model of an atmosphere in hydrostatic equilibrium is shown in figure 3.3.

[ p(z + dz) - p(z)] ⋅ dA = −mg

Fdown = p(z+dz).dA

dA

dp ⋅ dA = −(ρ ⋅ dA ⋅ dz) ⋅ g

z+dz
€

g

mg
z

dp
= −ρg
dz

Fup = p(z).dA

Atmospheric air:
m=ρ dA dz
mass of air

€
Figure 3.3: Atmosphere in hydrostatic equilibrium: the gravitational force, g, balances the
vertical component of the pressure gradient force in absence of curvature effects, Coriolis
effects, and friction. Therefore, this atmosphere does not contain vertical accelerations
driven by pressure gradient terms.
In other words, the vertical pressure force tends to draw the air from higher pressures
(near the surface) upwards to lower pressures. In an atmosphere in hydrostatic
equilibrium this pressure force is balanced by gravity pulling the air back down toward
the ground. In formulas:

∂p
= −ρg
∂z

(3.1)

In atmospheric sciences, for processes on a synoptic scale (~100 km), as a first
approximation the atmosphere can be assumed to be in hydrostatic equilibrium because
air parcels usually rise and€ fall very slowly relatively to their horizontal motions.
However, the hypothesis of hydrostatic equilibrium does not appear to hold for mesoscale
processes (~ 10 km), where vertical velocities, mainly driven by buoyancy and
topographic effects, can approach or even exceed horizontal velocities over short
distances.
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3.4 Equations of Motion and Scale Analysis
3.4.1 Atmospheric Scales of Motion
Weather phenomena occur over a very broad range of scales of space and time:
• Large-scale weather systems, such as hemispheric wave patterns like Rossby
waves, monsoons, high and low pressure centers, and fronts, are all synoptic-scale
weather systems. These systems have diameters greater than ~100 km and
lifetimes of days and months.
• Mesoscale weather systems are smaller scale events, and include diurnal wind
systems such as mountain winds, sea breezes, thunderstorms, and other
phenomena with horizontal scales that range from 1-100 km and lifetimes that
range from hours to days.

3.4.2 The Equations of Motion in the Atmosphere
Atmospheric motions are governed by the three fundamental physical principles:
conservation of mass, conservation of momentum, and conservation of energy. From
these basic principles it is possible to derive the complete equations of motion in the
atmosphere that accurately describe all types and scales of atmospheric dynamic
phenomena (Holton, 1992). These equation state that the acceleration, following the
relative motion in the rotating frame, equals the sum of the Coriolis force, the pressure
gradient force, effective gravity, and friction:

DU
1
= −2Ω ×U − ∇p + g + Fr
Dt
ρ

(3.2)

where:

DU  Du
Dv
Dw   Di
Dj
Dk  is the acceleration vector,
=
i+
j+
k+ u +
v+
w
Dt  Dt€ Dt
Dt   Dt
Dt
Dt 

i , j,k , are unit vectors,
€

U ≡ ui + vj + wk , with u ≡ r cos φ Dλ ,
Dt

€

v≡r

Dφ
,
Dt

w≡

Dz
Dt

r is the distance to the center of the Earth, which is related to z by r=a+z, where a
is the radius of the Earth.
€ φ is the latitude, and z is the vertical surface above the surface
λ is the longitude,
of the Earth (coordinate axes in spherical coordinates)
ρ is the air density
p is the surface pressure
g is the acceleration of gravity
Fr is the frictional vector force that can be decomposed as:

€

Fr = Frx i + Fry j + Frz k
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€

The vector equation of motion (3.2) can be decomposed as function of the Cartesian
coordinates as:

€

€

Du uv ⋅ tan φ uv
1 ∂p
−
+
=−
+ 2Ωvsin φ − 2Ωw cos φ + Frx
Dt
a
a
ρ ∂x

(3.3.a)

Dv u 2 tan φ vw
1 ∂p
−
+
=−
− 2Ωu sin φ + Fry
Dt
a
a
ρ ∂y

(3.3.b)

Dw u 2 + v 2
1 ∂p
−
=−
− g + 2Ωu cos φ + Frz
Dt
a
ρ ∂z

(3.3.c)

To demonstrate the presence of non-hydrostatic conditions it is necessary to identify the
€
vertical acceleration
in the atmosphere. Therefore, the focus here is on the vertical
component of the atmospheric equations of motion, i.e. equation (3.4). In particular, the
vertical acceleration component is given by:

Dw ∂w  ∂w
∂w
∂w 
=
+ u
+v
+w 
Dt
∂t  ∂x
∂y
∂z 
which represents the total or substantial vertical acceleration, composed of a local term
and an advective term.
€
The other terms in (3.4) include:
u 2 + v 2 is the curvature term, arising due to the curvature of the Earth
a

µ is the viscosity
v is the velocity vector, defined as

€

€

v = e x u + e yv + e z w

 dw 
  = 2Ωu cos φ 0 is the vertical component of the acceleration due to the
 dt Co
€

Coriolis Force, as function of the latitude (φo) and the angular speed of rotation of
the Earth (Ω). fo = 2Ωcos φ 0
Frz is the vertical component of the frictional force designated by:

€

∂€2 w ∂ 2 w ∂ 2 w 
ν  2 + 2 + 2  where:
∂y
∂z 
 ∂x
ν=

€
€

µ is the kinematic viscosity coefficient.
ρ
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3.4.3 Scale Analysis of Atmosphere in Hydrostatic Equilibrium
Because some terms in the equations of motion in the atmosphere are non-linear, they are
difficult to handle in theoretical analyses. For this reason, in atmospheric sciences
“scaling” is often used to determine whether some terms in the equations are negligible
for certain motions of meteorological concern. Scale analysis or scaling is a technique for
estimating the magnitude of various terms in the governing equations for a particular type
of motion. In scaling, typical expected values of the following quantities are specified,
such as the magnitudes of the field variables, the amplitudes of fluctuations in the field
variables, and the characteristic length, depth, and time scales on which these fluctuations
occur.
In this section I derive the hydrostatic equilibrium equation from the equations of motion
applying a scale analysis to the vertical component of the momentum equation in
hydrostatic equilibrium conditions.
For synoptic-scale motion it is possible to define the following characteristic scales of
the field variables based on observed values for mid-latitudes synoptic systems:
U~ 10m/s
W~1 cm/s
L~106 m
H~ 104 m
DP/ρ ~ 103 m2/s2
L/U~105 s

Horizontal Velocity scale
Vertical Velocity Scale
Length scale
Depth Scale
Horizontal pressure fluctuation scale
Time scale

The horizontal pressure gradient can range over several orders of magnitude for different
systems, such as small eddies, gusts, tornadoes or hurricanes. Similar considerations are
also valid for derivative terms involving other field variables. Therefore, the nature of the
dominant terms in the governing equations is crucially dependent on the horizontal scale
of the motions. In particular, motions with horizontal scales of a few kilometers or less
tend to have short time scales so that terms involving the rotation of the Earth are
negligible, while for larger scales they become very important.
The terms of the vertical component of the equations of motion (equation 3.4) are shown
in table 3.1 for scale analysis purposes.
Table 3.1: Vertical components of the equations of motion for scale analysis for
synoptic-scale motion in mid-latitudes
z-eq

Dw
Dt

Scales

UW
L

m€⋅ s −2

€

€ −7
10

€

€

€

€

u2 + v2
−
a
U2
a
€
10 −5
€

€

1 ∂p
ρ ∂z
Po
(ρH )
€
10
€

−

38
€

−g

−2Ωu cos φ

Frz

g

foU

νW
H2

10

−3

€

€

10

€

€

€

€

10 −15

Because all the terms other than the pressure gradient and the acceleration of gravity are
many orders of magnitude smaller, from scale analysis considerations it is possible to
simplify equation 3.4 as:
1 ∂p
(3.5)
= −g
ρ ∂z
which represents the condition of hydrostatic equilibrium (formula 3.1).
The scaling indicates that to €
a high degree of accuracy the pressure field is in hydrostatic
equilibrium, that is the pressure at any point is simply equal to the weight of a unit crosssection column of air above that point.

3.5 Scale Analysis near Narrow Mountains
The atmosphere is a turbulent media. Most of the atmospheric processes, such as moisture
fluxes, heat fluxes, convection, evaporation, and condensation, produce vertical velocities
that disrupt the hydrostatic equilibrium in the atmosphere. Any meteorological mesoscale
model must incorporate these non-hydrostatic behaviors, especially in areas of extreme
weather conditions.
In the following I demonstrate that non-hydrostatic equilibrium needs to be considered on
narrow mountains (i.e. of mesoscale dimensions) affected by high winds. I will show how
these effects can be observed in GPS data processing. Therefore, (beside GPS data
accuracy enhancement) I propose a powerful and practical technique to study the
atmosphere and to analyze the validity of common assumptions (such as hydrostatic
equilibrium) in atmospheric sciences.
In order to evaluate whether it is necessary to introduce a vertical acceleration component
in the estimate of the Zenith Hydrostatic Delay, I apply the scale analysis to mesoscale
motion in an atmosphere surrounding a narrow mountain, as described in formula (3.3.c).
For scale analysis purposes I distinguish two cases: narrow mountains with moderate
winds (section 3.5.1) and narrow mountains with high winds (section 3.5.2).

3.5.1 Narrow Mountains with Moderate Winds
In this section I focus on smaller scale atmospheric phenomena, related to the motion of
air around a narrow mountain. For mesoscale systems on narrow mountains with
moderate winds the characteristic scales of the field variables of equation 3.4 based on
observed values for mid-latitudes systems can be defined as follows:
U~ 10 m/s (=36 km/h = 22.4 mph)
W~1 cm/s
L~1000 m
H~ 10,000 m
DP/ρ~103 m2/s2
L/U~100 s

Horizontal Velocity scale
Vertical Velocity Scale
Length scale
Depth Scale
Horizontal pressure fluctuation scale
Time scale
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Table 3.2: Vertical components of the equations of motion (3.3.c) for scale
analysis on narrow mountains with moderate winds (mesoscale motion).
z-eq

Dw
Dt

Scales

UW
L

€

m⋅s

−2

€ −4
10

€

€

€

u2 + v2
−
a
U2
a
€
10 −5

1 ∂p
ρ ∂z
Po
(ρH )
€
10
€

−

€

−g

−2Ωu cos φ

Frz

foU

νW
H2

g
€

10

€

10

€

−3

10 −15

€

This scale analysis brings again to equation (3.5), i.e. the hydrostatic equilibrium
condition:
€
€
€
€
€
€

1 ∂p
= −g
ρ ∂z

Again, the main terms in the equation are the pressure gradient and the acceleration of
gravity.

€

3.5.2 Narrow Mountains with High Winds
In this section I focus on the case of most interest for this thesis: mesoscale motion on
narrow mountains with high winds. In this case it is possible to define the following
characteristic scales of the field variables (based on observed values for mid-latitudes
systems):
U~ 10 m/s (15 m/s to 40 m/s)
W~100 cm/s
L~ 1000 m
H~ 10,000 m
DP/ρ~ 103 m2/s2
L/U~100 s

Horizontal Velocity scale
Vertical Velocity Scale
Length scale
Depth Scale
Horizontal pressure fluctuation scale
Time scale

Table 3.3: Vertical components of the equations of motion 3.3 for scale analysis
on narrow mountains with high winds (mesoscale motion).
z-eq

Dw
Dt

Scales

UW
L

€ ⋅ s −2
m

−2
10
€

€

€

€

€
€

u2 + v2
−
a
2
U
a
10€−4
€
€

1 ∂p
ρ ∂z
Po
(ρH )
€
10
−

−2Ωu cos φ

Frz

g

foU

€
10

10 −3€

νW
H2
10 −14

€

€

€

€

€
€
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−g

As shown in table 3.3 the vertical acceleration is larger than the other components (0.01
m/s2), with the exception of the main hydrostatic terms (10 m/s2).
Even though this term is two orders of magnitude smaller than the hydrostatic terms, it is
important to note that only that part of the pressure field that varies horizontally (p’,
where p(x,y,z,t) = po(z) +p’(x,y,z,t)) is directly coupled to the horizontal velocity field
(U). Therefore, it is actually necessary to show that the horizontally varying pressure
component itself is not in hydrostatic equilibrium with the horizontally varying density
field. It can be shown that these terms are of the order of:

m
1 ∂p '
δP
~
~ 10−1  2  and
ρ o ∂z ρ o H
s 

m
ρ 'g
~ 10−1  2 
ρo
s 

(3.6)

Therefore, the vertical acceleration derived from the scale analysis =0.01 m/s2, is not
€ compared with the horizontally varying
€
negligible
pressure component (0.1 m/s2) and the
horizontally varying density field (0.1 m/s2), being about 10% of the horizontally varying
terms.
In conclusion, after introducing the scale analysis to narrow mountains and high winds, it
emerges that the vertical component of the equations of motion needs to contain the term
of the vertical acceleration and can be written as:

Dw
1 ∂p
=−
−g
Dt
ρ ∂z

(3.7)

Note that equation 3.7 reduces to the equation of hydrostatic equilibrium (3.1 or 3.5)
when the total acceleration in the vertical direction tends towards zero.

€
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3.6 Atmospheric Stability
Another important property of the atmosphere for our analysis is “stability”. Atmospheric
stability is the general air’s resistance to disturbing effects. In particular a stable
atmosphere has a tendency to resist vertical motions. Clouds are horizontally stratified,
and vertical exchange between air at the ground and air aloft is minimized. On the
contrary, in an unstable atmosphere, vertical motions are enhanced and the clouds
develop vertically.

3.6.1 Determining Atmospheric Stability
To determine the stability of the atmosphere we usually analyze the behavior of a
hypothetical parcel of air taken from a point in a certain layer, lifted a very small
distance, and then released.
Before lifting, the parcel is at the same temperature than its surroundings. It is assumed
that the displacement is an adiabatic process and, therefore, the parcel does not exchange
heat with the surrounding air during displacement. As a consequence, the temperature of
the parcel after lifting does not depend on the parcel’s environment, but on the
thermodynamic processes caused by the pressure change associated with lifting.
Atmospheric pressure decreases with height, so that the parcel, when lifted, encounters
lower pressures and expands. This expansion causes the parcel to cool.
•
•
•

If after lifting, the parcel is warmer (and therefore lighter and less dense) than its
new surroundings, it continues to rise, indicating that the atmospheric layer is
unstable.
If the parcel is colder (and therefore heavier and denser) than its surroundings, it
sinks back to its point of origin, indicating that the atmospheric layer is stable.
If the parcel is at the same temperature as its new surroundings, it remains at the
point where it was released, indicating that the atmospheric layer is neutral.

The rate at which temperature decreases with height is called the lapse rate. The lapse
rate depends on whether the parcel is saturated or unsaturated. If an unsaturated parcel is
lifted, it cools at a constant rate, called the Dry Adiabatic Lapse Rate or DALR of 9.8
°C/km. If a saturated parcel is lifted, it cools at the Saturated (or Moist) Adiabatic Lapse
Rate or SALR. Unlike DALR, the SALR is not constant, but is dependent on the parcel’s
temperature and pressure.
Figure 3.4 shows the Environmental Lapse Rate (ELR) states and the relevant stability
conditions.
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Figure 3.4: Dry Adiabatic Lapse Rate (DALR) and Saturated Adiabatic Lapse Rate or
(SALR) as compared to different Environmental Lapse Rates (ELR).
http://www.auf.asn.au/meteorology/section1b.html in “Atmospheric thermodynamics
and dynamics”
The atmospheric stability can be divided in four types:
•
•

•
•

Absolute Stability: An ELR such as ELR #3 indicates an atmosphere that is
absolutely stable: the ELR is less than the SALR and the DALR.
Conditional Instability: An ELR such as ELR # 2 is between the DALR and the
SALR and represents conditional instability. The atmosphere is stable when the
air parcel is unsaturated, i.e. the ELR is less than the DALR, and unstable when it
is saturated, i.e. the ELR is greater than the SALR.
Absolute Instability: an ELR such as ELR #1 is greater than both the DALR and
the SALR, which indicates an absolutely unstable atmosphere.
Neutral Atmosphere: Neutral equilibrium exists if the ELR is equal to the SALR
for saturated air or if the ELR is equal to the DALR for unsaturated air.

3.6.2 The Brunt-Väisälä Frequency
The Buoyancy Frequency N (or Brunt-Väisälä Frequency) of a continuously stratified
atmosphere is the frequency of vibration of a parcel in purely vertical motion. This
vibration is related to the stability of the atmosphere.
N is defined as:
 dT

dT
2 2
N 2 = gα
+ Γ  = gα
+ c −1
p g α T
 dz

dz

€
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(3.8)

Where:
g = (9.78032 + 0.005172sin 2 ϕ − 0.00006sin 2 2ϕ )

1
 z 2
1+ 
 a

g is the acceleration of gravity
ϕ is the latitude, z is the height, and a is the radius of the Earth
a= 6378 km at the equator, a=6357 at the poles
T is the Temperature
cp is the specific heat at constant pressure

€

1  ∂ρ 
α = −   is the thermal expansion coefficient
ρ  ∂T  p,s

gαT
is the adiabatic lapse rate
cp
€
Because the definition of stability is given by the conditions:
Γ=

 dT

α
+ Γ > 0
 dz


€

α
€

dT
2 2
+ c −1
p g α T >0
dz

N2 > 0 the medium is Stable and undergoes oscillations
N2 < 0 the medium is locally Unstable
N2 = 0 the medium is Neutral

for
for
€ for

In a stable medium N is real and has the dimension of a frequency, the characteristic
frequency of the local fluid oscillations. The larger the amplitude of N, the more stable
the atmosphere, leading to less vertical motions and less mixing.
The value of N in the troposphere is 0.01s-1 for the standard atmosphere, with 70% larger
values in the lower stratosphere. In contrast, values of N for the deep ocean are 0.001 s-1
or smaller.
The formula of the Brunt-Väisälä Frequency (or Buoyancy Frequency N) in the
atmosphere can be simplified as:
N2 =


g  dT
+ Γ



T dz

where:
g is the acceleration of gravity
T is the Temperature€
dT/dz = Vertical Temperature Profile
gαT is the adiabatic lapse rate ≈ 9.8 °K/km
Γ=
cp

€
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(3.9)

From formula (3.9) the sign of the Buoyancy frequency depends on the difference
between the vertical temperature profile (provided by radiosonde data or profiles from
atmospheric numerical models) and the adiabatic lapse rate.
•

For N2 > 0 the atmosphere is stable, which corresponds to a γ<Γ, or a steeper
temperature profile through the atmosphere (i.e. smaller temperature variation
with altitude).

•

For N2 < 0 the atmosphere is unstable, which corresponds to a γ>Γ, or a less steep
temperature profile through the atmosphere (i.e. larger temperature variation with
altitude).

•

For N2 = 0 the atmosphere is neutral, which corresponds to a γ=Γ, or a temperature
profile as steep as the adiabatic lapse rate.
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4.

Non-Hydrostatic Modeling of
ZHD, ZWD, and IWV

The conventional estimation of the tropospheric delay error for high accuracy GPS
measurements is based on the hypothesis of atmospheric hydrostatic equilibrium. In
particular, the Zenith Hydrostatic Delay (ZHD) is computed as a function of the surface
pressure measured at the GPS station in hydrostatic conditions, as illustrated in detail in
section 2.4.4, formula (2.36).
In this thesis it is shown that, on mountainous areas, non-hydrostatic equilibrium
conditions might take place: in these conditions the measured surface pressure on the
mountain is actually lower than it would be in hydrostatic equilibrium, and hence a
correction to the conventional model adopted to derive the ZHD is necessary in order to
achieve accurate GPS Geodetic and Meteorological observations. A non-hydrostatic
correction is related to the pressure deviation from hydrostatic equilibrium at the GPS
station site. Indeed, the proposed methodology includes the evaluation of this pressure
gradient, estimated using a theoretical model that takes into account the mountain
geometry and the local atmospheric conditions.
The theoretical model adopted is based on mountain waves dynamics described by linear
analysis of the steady flow over a mountain, where the linear approximation permits
analytically exact solutions. The theory of mountain lee-wave dynamics for steady flow
over a ridge is described in (Gill, 1986) and (Queney, 1947, 1948) and provides an
estimation of the pressure deviation from hydrostatic equilibrium as a function of the
distance from the mountaintop. The surface pressure is computed using a system of linear
differential equations with constant coefficients that can be solved by adopting classical
methods such as harmonic waves.
The first attempt to consider the localized non-hydrostatic equilibrium at the summit of
mountains for space geodesy was proposed by Hauser (1989). In his paper Hauser
analyzes the effects of non-hydrostatic equilibrium at the summit of mountains for laser
range measurements to geodetic satellites and optical retro-reflectors on the moon. In the
approach introduced in this thesis, I have estimated the pressure deviation from
hydrostatic equilibrium and the correction to the Zenith Hydrostatic Delay not only at the
mountain summit (as in the work by Hauser), but also as function of the horizontal
distance from the summit, along the wind direction of a mountain experiencing high
winds (i.e. on the upwind side and on the lee side of the mountain). The distance at
which the model can be effective can be up to tens of kilometers away from the
horizontal coordinate at the summit, depending on the mountain topography (height H0,
and half-width L) and the atmospheric conditions (wind speed U, and atmospheric
stability expressed by the Buoyancy Frequency N).
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4.1 Non-Hydrostatic Correction for the ZHD
As discussed in chapter 2, the hydrostatic equilibrium condition can be expressed as:

1 dp h
= −ρ
gm dz

(4.1)

and it is usually substituted in (2.29) to solve the integral of the air density and model the
ZHD as function of the surface pressure at the GPS station, as in formula 2.35 and 2.36.

€

However, as derived from the scale analysis in chapter 3, (section 3.5.2) the vertical
component of the atmospheric equation of motion for narrow mountains and high winds
contains a non-negligible vertical acceleration term

Dw
that provides evidence of the
Dt

occurrence of non-hydrostatic equilibrium conditions (see formula 3.7).

ρ Dw 1 dp h
−
+€
= −ρ
gm Dt gm dz

(4.2)

Therefore, to solve the integral of the air density in non-hydrostatic conditions it is
necessary to estimate the first term of equation 4.2, e.g. the vertical component of the
atmospheric acceleration.
€
The mass density ρ of the air is unknown, as its dry and wet components. Also the
vertical velocity w is unknown. However, dimensionally the term ρ Dw is a gradient of
Dt

pressure in the vertical direction. Since the vertical motion is due to non-hydrostatic
equilibrium conditions, I define:

Dw
dp n−h
−ρ
=−
Dt
dz

€

(4.3)

n-h

where p is the pressure deviation from hydrostatic equilibrium caused by the vertical
motion of the air particles in the atmosphere. With formula (4.3) it is possible to
introduce a correction €
to the classic modeling of the ZHD: this correction takes into
account the non-hydrostatic pressure drop due to the mountain topography. Therefore,
equation 4.2 can be written as:

1 dp n−h
1 dp h
−
+
= −ρ
gm dz
gm dz

(4.4)

The pressure measured on the mountain is the pressure that would exist in hydrostatic
equilibrium (with moderate or no winds), minus the drop in pressure due to the
orographic uplift in windy conditions:

€
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p meas = p h − p n−h

(4.5)

Note that in formula 4.5 pn-h is expressed in absolute value, to highlight the sign of the
single pressure terms. In general, the formula could be written as: p meas = p h + p n−h ,
where pn-h is a negative€pressure. In this thesis we will adopt the sign notation of formula
4.5.
Therefore, the vertical pressure gradient profile measured
€ at the GPS station can be
expressed as:
h
dp n−h
dp meas dp
=
−
dz
dz
dz

(4.6)

According to formula (4.6) the hydrostatic vertical hydrostatic pressure gradient profile of
formula (2.35) is given by:

€

dp h

n−h
dp meas dp
=
+
dz
dz
dz

The corrected non-hydrostatic model of the ZHD of formula 2.35 suggested in this thesis
is therefore expressed as:

∇ PD,corr
d

(x,y,∞) dp meas
€
dp n−h 
corr
−6
−1
 dz (4.7)
= ZHD
= 10 k1 Rd (gm )
−
∫ −

dz
dz
(x,y,z) 


Solving the integral in equation 4.7, the Zenith Hydrostatic Delay can be expressed as
function of the sum of the surface pressure measured at the GPS station on the mountain
€ under study (in non-hydrostatic conditions) and the correction term represented by the
pressure perturbation due to the mountain topography and wind (equivalent to formula
2.36):

[

]

∇ DP,corr
= ZHD corr = 10 −6 k1 Rd (gm )−1 p meas (x, y,z) + p n−h (x, y,z) (4.8)
d

€

Formula 4.8 is the corrected non-hydrostatic version of formula 2.36, which valid in
hydrostatic conditions. Formula 4.8 represents a key result relevant to the theory
proposed in this thesis. If ZHD is the Zenith Hydrostatic Delay computed without
correction during non-hydrostatic wave regime, it follows that:

ZHD corr = 10 −6 k1 Rd (gm )−1 p meas (x, y,z) + 10 −6 k1 Rd (gm )−1 p n−h (x, y,z) (4.9)

€

ZHD corr = ZHD + δZHD N −H
where:

€
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(4.10)

ZHD = 10 −6 k1 Rd (gm )−1 p meas (x, y,z)

δZHD

N −H

−6

−1

= 10 k1 Rd (gm ) p

n−h

(4.11)

(x, y,z)

In the next section I further develop the concept of non-hydrostatic pressure and
measured pressure on a mountain affected by high winds. In the following sections I
n-h
develop a€mathematical model for the estimation of p , the pressure deviation from
hydrostatic equilibrium, as a function of mountain topography and atmospheric
conditions.

4.2 Equivalent or Apparent Mountain Height
The total pressure measured at GPS stations located in mountain areas represents the
pressure that would exist in that specific location if there were no winds (hydrostatic
condition) minus the drop in pressure due to the strong vertical motion caused by the
mountain topography (producing non-hydrostatic conditions) as already shown in formula
4.5:

p meas = p h − p n−h
With moderate or no-wind conditions, the assumption of hydrostatic equilibrium is
appropriate and:

€

p meas = p h
p n−h = 0

€
Under these conditions, equation
4.8 becomes the same as equation 2.36 in chapter 2.
The classic formula for the
€ modeling and estimation of the ZHD uses the pressure
measured at the GPS station, regardless of the weather conditions and winds, assuming
that the measured pressure is the result of the hydrostatic balance only. Hence, by using
the traditional model (without correction), in which the measured pressure is smaller than
the hydrostatic pressure, the mountain appears “taller” than it actually is. The reason is
that the pressure with no-wind is greater than the pressure with orographic wind. In turn,
the estimated ZHD during non-hydrostatic equilibrium conditions without correction is
shorter than the corrected value, because of the (erroneously) shorter signal path received
from an artificially higher mountain (equivalent to the pressure drop due to orographic
uplift). The insufficient corrections for the tropospheric delay partially explain the larger
GPS positioning errors on mountain areas.
In Figure 4.1 a model of the mountain “equivalent height” is shown, as it relates to the
pressure deviation from hydrostatic equilibrium caused by orographic wind.
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Case without correction, erroneously
assuming Hydrostatic Equilibrium

Figure 4.1: Pictorial representation of the equivalent mountain height when using a
Hydrostatic Zenith Delay estimate while experiencing Non-Hydrostatic equilibrium
conditions.
In figure 4.1 the estimated Zenith Hydrostatic Delay is shorter than the actual value if it is
modeled using the assumption of hydrostatic equilibrium while non-hydrostatic
conditions hold. Hence, the conventional computation of the ZHD introduces an error in
the GPS measurements due to insufficient correction for the tropospheric delay
Note that the equivalent height/pressure varies greatly with mountain topography and
atmospheric conditions, so that the equivalent height of the mountain can be very
different depending upon the height, shape, and extension of the topography along the x
coordinate, as it will be shown quantitatively in Chapter 5.
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4.3 Non-Hydrostatic Correction for the GPS IWV
PD

The integrated water vapor (IWV) can be written as function of the ZWD ( Δ w ), as in
formula 2.46:

ΔPD
w
IWV =

k
10 −6  k 2' + 3
TM



 ⋅ Rw


€

Introducing formula 2.43 in 2.46, formula 2.47 can be obtained (see chapter 2):

€

ΔPD − ΔPD
d
IWV =

k 
10 −6  k 2' + 3  ⋅ Rw
TM 


According to 2.36, the conventional modeling of the ZHD is achieved by:

€

[

]

−6
−1
ΔPD
p meas (x, y,z)
d = ZHD = 10 k1 Rd (g m )

Equation 4.8 gives the corrected non-hydrostatic ZHD model proposed in this thesis:

€

[

]

corr
ΔPD,
= ZHD corr = 10 −6 k1 Rd (gm )−1 p meas (x, y,z) + p n−h (x, y,z)
d

Therefore, introducing 4.8 in 2.47, the corrected IWV can be expressed as:

€

IWV

IWV corr =

corr

corr
ΔPD − ΔPD,
d
=

k 
10 −6  k 2' + 3  ⋅ Rw
TM 


k1
ΔPD
1
−

gm  '
k3 
k3
−6 '
10€
k
+
⋅
R
 2
 w
k2 +
TM 
TM



(4.12)

Rd meas
p
(x, y,z) + p n−h (x, y,z)
 Rw


⋅

[

]

(4.13)

IWV corr = IWV − δIWV n−h

€
where:

€
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(4.14)

IWV =

ΔPD

k
10 −6  k 2' + 3
TM


δIWV n−h =

€


 ⋅ Rw


−

k1
R
1
⋅ d p meas (x, y,z)
gm  '
k 3  Rw
k
+
 2

TM 


[

k1
1
gm  '
k3
k2 +
TM


]

Rd n−h
p (x, y,z)
 Rw


⋅

[

]

(4.15)

(4.16)

Note that, because pmeas + pn-h is larger than the pmeas at the mountain summit in
hydrostatic equilibrium conditions, the corrected IWVcorr computed using the method
proposed€in this thesis is smaller than the non corrected IWV. In other words, because the
pressure in non-hydrostatic conditions is smaller than it would be in hydrostatic
equilibrium conditions, the ZHD is under-estimated while the IWV is usually overestimated when using the conventional hydrostatic models. In formulas, from our study it
emerges that:
corr
PD,corr
ΔPD
which is the same as: ZHD < ZHD
d < Δd

(4.17)

while for the ZWD

€

PD,corr
€same as: ZWD > ZWD corr
which is the
ΔPD
w > Δw

(4.18)

Hence for the Integrated Water Vapor:

€

IWV >€IWV corr

(4.19)

The improvement in accuracy provided by the proposed model for GPS Geodesy
(positioning) or GPS Meteorology (estimation of IWV) will depend on how well we can
€
model the pressure deviation
from hydrostatic equilibrium and the impact that nonhydrostatic equilibrium has on the pressure deviation for the different wind speeds, given
the specific mountain topography.
In order to model this pressure deviation, the concept of mountain waves and lee waves
will be introduced in the following section.
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4.4 Gravity Waves: Mountain and Lee Waves
Mountains can have a great impact on the atmospheric flow. Well-known examples are
the middle tropospheric troughs created by the Rocky Mountains and the Tibetan Plateau.
The impact is dependent on several parameters, such as the size and shape of the
mountain, the wind speed and the stability of the atmosphere. Furthermore, the impact
can vary in space. In the vicinity of mountains, regions can be found where the wind
speed is increased locally (Doyle and Shapiro, 1999). Downstream a wake can be
generated with decreased wind speed or eddy shedding (Smith et al. 1997; Bauer et al.
2000), and gravity waves can be generated aloft (Smith et al. 2002).
The impact of mountains on atmospheric flow has been investigated in several studies.
Each study approached the investigations in different ways: theoretically, numerically,
and/or experimentally, using observations in mountainous areas (Queney, 1948; Eliassen
and palm, 1960, 1979; Bougeault et al. 1997; Olafsson, 2000).
Strong winds are often observed in the vicinity of mountains and hills. These winds cause
the air to be pushed up the mountain topography. As stable air flows over a mountain
range, gravity waves can be generated either over the mountains or on the lee side of the
mountain. Gravity waves are vertical undulations or waves in the atmosphere created as
gravity acts on local variations in air density. Stable air that is lifted over a mountain
cools, becomes denser than the air around it, and, under the influence of gravity, sinks
again on the lee side of the mountain trying to reach its equilibrium level. (Hooke, 1986).
However, the air does not reach equilibrium right away, but oscillates about its
equilibrium level: the amplitude of the waves, and the distance of decay from the
mountaintop depends on the mountain height, geometry, and wind speed. The character
of the gravity waves depends also on the vertical stability and the Earth’s rotation.
Gravity waves that form over mountains are usually called mountain waves. Mountain
waves have the tendency to propagate vertically and can be found not only at low level
over hills and mountains, but throughout the troposphere and stratosphere. Waves that
form on the lee side of mountains are called lee waves. Lee waves are often confined or
trapped in the lee side of the mountain by a smooth, horizontal flow above. The two types
of waves (mountain waves and lee waves) are often collectively called orographic waves
(Whiteman, 2000).

4.4.1 Airflow over a Mountain: Wave Regimes
The basic flow pattern across a long ridge of mountains is determined by the mountain
width. If the ridge is large enough that the time required for the air to cross over it is
greater than the order of 1/f (where f is the Coriolis parameter), rotational effects generate
a disturbance with large displacements in the horizontal x-y plane. As the width decreases
to less than 100 km, the perturbations in the horizontal plane disappear and waves in the
vertical x-z plane develop. When the wind blows over this type of ridge, air parcels are
displaced vertically, and, if the atmosphere is stably stratified, they descend and may
oscillate about their equilibrium levels (Ray, 1986). The gravity waves that result are
observed in mountainous regions all around the world. Mountain waves can produce
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several weather phenomena that significantly affect human activity and hence have been
studied for many years.
The most fundamental properties of mountain waves can be examined by considering
steady state, two-dimensional airflow over “small amplitude” mountains. The two
dimensional assumption is appropriate if the mountains are assumed to extend
indefinitely in the direction parallel to the ridge and are sufficiently narrow that the
Rossby number governing the flow is large (so the Coriolis force may be neglected).
It is possible to model such mountain topography as the Fourier synthesis of sinusoidal
waves. A bell-shaped ridge is a simple and convenient way of modeling a mountain
because of the basic form of its Fourier Transform (Figure 4.2).

Figure 4.2: Example of a 2-D Bell-Shaped mountain of half-width L=2 km.
A 2-D bell-shaped mountain of half-width L can be modeled as:

z = H o L ∫ o∞ e−kL cos(kx)dk =

Ho
 x 2
1 + 
 L

(4.20)

The character of the response of the flow over a 2-D bell-shaped mountain depends on the
half-width of the mountain, L. As L increases (wider mountain) and hence the horizontal
€ the type of flow response varies. The change in type of response also
scale k-1 increases,
corresponds to changes of the time T≈L/U it takes an air particle to pass the mountain,
since in a frame of reference moving with the flow, the response is forced by the
mountain, moving relative to the air at velocity -U. If N is large compared to the Coriolis
parameter f, as is normally the case, five regimes can be distinguished (Gill, 1982, and
Queney, 1948), as it will be discussed in detail in the next 5 sections.

4.4.1.1

Potential-Flow Regime

For L<<U/N, the airflow is described by the Potential-Flow Regime. Typical values of
U/N are ~ 1 km for the atmosphere and 50 meters for the ocean floor. This limit applies to
such small features (extremely narrow ridges) that effects associated with turbulent
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boundary layers are quite important. The amplitude of the vertical displacement of fluid
particles decreases rapidly with height. The flow is faster over the crest, where it is more
restricted, and the pressure is lower due to Bernoulli’s theorem.

4.4.1.2

Non-Hydrostatic Wave Regime

The airflow is described by the Non-Hydrostatic Wave Regime when the half-width, wind
speed, and atmospheric stability are such that:

L≈

U
N

(4.21)

The behavior of air particles due to mountain waves for narrow mountains with
L~U/N=1km, for U=10m/s and N=0.01, is described in figure 4.3. The vertical scale of
the waves is of the same order of magnitude of the horizontal scale L. The upper part of
figure 4.3 shows the vertical€displacements of air particles, i.e. the trajectories in the
vertical plane normal to the ridge. The dashed lines show where the vertical displacement
is zero. The scale Ls is the vertical wavelength associated with the scale U/N, and is given
by Ls=2πU/N.

Figure 4.3: Non-Hydrostatic Wave Regime. Mountain waves generated by airflow of
uniform velocity, U=10 m/s, in a uniformly stratified atmosphere, with N=0.01 s-1,
moving over a narrow bell-shaped ridge of profile described by formula 4.20. This case is
relevant to a narrow mountain of half-width L=U/N=1km. (Queney, 1947, 1948; Gill,
1982).
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The lower panel of figure 4.3 is a plot of the ground-level pressure and wind variations
associated with the waves. These variations are related to Bernoulli’s theorem. It can be
observed that the wind is maximum at the top of the hill where there is also a minimum
pressure. The pressure is higher on the upwind side of the mountain than on the leeward
side, indicating a net force on the hill.

4.4.1.3

Hydrostatic Non-Rotating Wave Regime

If N/f is large enough, the airflow is described by the Hydrostatic Non-Rotating Wave
Regime. For the atmosphere, a typical value for N/f (where f is the Coriolis parameter) is
~100 (while for the deep ocean a value ~10 is more appropriate). For large mountain
chains with L=10 km, hydrostatic equilibrium is a good approximation, yet the scale is
not large enough for rotation effects to be large. Thus, many of the calculations of
mountain wave effects have been traditionally performed for this regime.

Figure 4.4: Hydrostatic Non-Rotating Wave Regime. Mountain waves generated by
airflow of uniform velocity, U=10 m/s, in a uniformly stratified atmosphere, with N=0.01
s-1, moving over large bell-shaped ridges, i.e. large mountain chains with half-width L=10
km. (Queney, 1947, 1948; Gill, 1982).
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4.4.1.4

Rotating Wave Regime

For L~U/|f|, the airflow over a mountain is described by the Rotating Wave Regime. The
vertical scale is of the order U/N as in figures 4.3 and 4.4, but the horizontal scale is much
larger. In figure 4.5 this regime is defined for L~U/|f|=100 km, where f is the Coriolis
parameter. The scale Lf is defined by Lf=2πU/|f|, where f is fixed to be 10-4 s-1. The lower
panel shows a plan view of the particle trajectory and an isobar at ground level.

Figure 4.5: Hydrostatic Rotating Wave Regime. Mountain waves generated by airflow of
uniform velocity, U=10 m/s, in a uniformly stratified atmosphere, with N=0.01 s-1,
moving over very large bell-shaped ridges, i.e. very large mountain chains with halfwidth L=100km. (Queney, 1947 and 1948; Gill, 1982, pp.278).
The same case has been revisited more recently by Muraki (2000), as shown in figure 4.6,
using improved mathematical computations.
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Figure 4.6: Hydrostatic Rotating Wave Regime, the same as in figure 4.5, but here
computed by D.J. Muraki, 2000, obtained by numerical quadrature of the Fourier Integral.

4.4.1.5 Quasi-Geostrophic Flow Regime
For L>>U/|f, the airflow is described by Quasi-Geostrophic Flow Regime. In this regime,
solutions are again evanescent in character, so waves are not produced. The solutions are
of interest for the ocean, for which a typical value of U/|f| is about 3 km. For the
atmosphere, the effects of the Earth’s curvature must also be considered under QuasiGeostrophic Flow regime.
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4.5 Non-Hydrostatic Correction Applicability
The case of interest for this thesis is the second regime of section 4.4.2, the nonhydrostatic wave regime, which occurs for mountains with half-width of the order of
L~U/N. It is important to point out that the correction proposed in this work is for nonhydrostatic equilibrium conditions, and it is therefore only applicable in those restricted
cases when the half-width of the mountain is of the order of magnitude of the wind speed
divided by the Buoyancy frequency, i.e. in non-hydrostatic wave regime. Therefore, there
will be values of wind speed for a given mountain topography and atmospheric stability
for which the non-hydrostatic wave regime does take place and others for which this
wave regime does not occur. For these latter cases the proposed non-hydrostatic
correction does not apply.
To introduce the non-hydrostatic corrections proposed for the modeling of the ZHD and
the estimation of the IWV as in formulas 4.8 and 4.10, respectively, the main
computation to be performed is the estimate of the pressure deviation from hydrostatic
equilibrium pn-h. In the next section a mathematical model will be developed to model
pn-h as function of mountain topography and atmospheric conditions.

4.6 Pressure Deviation in Non-Hydrostatic Wave
Regime
The foundations for our understanding of wave generation by topography were
established by Queney in 1948 for steady flow over a two-dimensional ridge. In this
pioneering work, the downstream radiation pattern was inferred from the dispersion
characteristics of linear gravity waves. Queney’s streamline figures, obtained by
approximating a Fourier integral (Queney, 1947, 1948), are frequently reproduced as the
canonical illustration of downstream topographic waves (Gill, 1982).
Recent collaborations between mathematicians and atmospheric scientists have revisited
the work by Queney for the hydrostatic case, and found some discrepancies in the results
(Muraki, 2000). Bannon (1985) modified the classic Queney model for mountain wave or
lee waves dynamics (linear analysis of steady flow over a mountain ridge) including a
temporally varying incident wind, but, again, only for the hydrostatic case.
Non-hydrostatic versus hydrostatic flow has been extensively studied theoretically and
numerically in atmospheric sciences (Dalu, 2003). However, there is very little literature
on non-hydrostatic equilibrium wave regimes applied to GPS measurements. The
hydrostatic approximation is useful in GPS since, if it accurately describes the
atmospheric flow, the Zenith Hydrostatic Delay can be directly derived from surface
pressure measurements at the station with sufficient accuracy. But if the hydrostatic
approximation condition does not hold, it is necessary to introduce a non-hydrostatic
correction described in the previous section. A methodology for deriving the pressure
deviation from hydrostatic equilibrium using the mountain lee waves theory is discussed
in detail in this section.
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4.6.1 Theory of Perturbations in Stratified Currents over
Mountains
When a fluid motion can be considered a small perturbation of a given basic motion, the
equations of motion may be linearized, i.e. they may be replaced by a system of linear
differential equations. Furthermore, when the scale of the perturbations is of an order of
magnitude that allows the parameters in the equations to be considered uniform in space
and time, the system can be defined by constant coefficients, so that it is possible to solve
and discuss the equations by classical methods, for instance using harmonic waves.
In many atmospheric and oceanographic problems these linear simplifications constitute a
very good approximation for regional meteorological scales. In fact, many observed
motions, such as periodic sinusoidal waves, strongly suggest the actual occurrence of
solutions of linear equations with constant coefficients.
Queney developed a general method for treating perturbations in a uniform stratified
atmosphere or oceanic current using a system of linear differential equations with
constant coefficients. This theory was applied to the problem of the deformation of a
current by a mountain range with a constant cross section. The main results of Queney’s
study, which appear to be in good agreement with the observational data, may be
summarized as follows:
1. The deformation of the current has the aspect of a system of stationary waves. This
deformation is much more developed on the downstream than on the upstream side of the
mountain, except within the immediate vicinity of the range. There is a horizontal
displacement in addition to the vertical one.
2. The wavelength is a minimum in the Zenith direction and a maximum in the horizontal
direction. The minimum value, of the order of a few kilometers, depends only on the
stability and the current velocity. The maximum value, which amounts to several
hundreds kilometers, depends only on the Earth’s rotation and on the current velocity.
3. The amplitude decreases horizontally as the inverse of the square root of the distance,
while vertically it first decreases and then increases again as one moves upward.
The fluid dynamical setting considered by Queney are the linearized equations for an
incompressible, Boussinesq atmosphere under steady conditions in two dimensions, x and
z. The atmosphere is assumed to have constant stratification and f-plane Coriolis rotation.
Including the non-hydrostatic case, the linear primitive equations under consideration are:












u x + wz = 0
U ⋅ uz − f ⋅ v = −ρo−1 p x
U ⋅ ux − f ⋅ u = 0
dw
U
= −ρo−1 pz + b
dx
U ⋅ bx + N 2 w = 0
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€

(4.22)

where the wind is denoted by u,v, the vertical motion by w, buoyancy anomaly by b, and
pressure by p. The external parameters are the incident wind U, the Coriolis parameter f,
the Brünt Väisälä Frequency N, and the mean density ρo
If the mountain is assumed to act as a small perturbation to the basic state flow, the
pressure deviation due to the airflow over a 2-D bell-shaped ridge in a stratified
atmosphere with uniform steady wind speed U, can be modeled by means of FourierBessel expansions in Polar Coordinates, using Queney’s mathematical modeling
(Queney, 1947).
−S⋅z
p n−h = πρoU 2 Z o2 L−1
⋅ ℑ{r,ω ,Yi , J m }
s e

(4.23)

where:
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ρo=surface air density on the mountain
€ wind speed along the x coordinate
U= uniform
2
Zo = mountain cross-sectional area for a 2D bell-curve = π ⋅ H o ⋅ L
with:
Ho= mountain height
L =mountain half-width

€

Ls=2πU/N
N=Brunt-Väisälä Frequency (see formula 3.9, chapter 3)
S=Heterogeneity ≈ Ks/20
Ks=N/U
r and ω = polar coordinates: ksx=r sinω, and ksz=r cosω
Y0 and Y2 = Bessel Functions of the second kind, of zero and second order, respectively.
J1, J3, and J5 = Bessel Functions of the first kind, of first, third, and fifth order,
respectively.
Substituting Ls and Zo in 4.17, the formula can be written as:
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p n−h = πρoU 2

(

π Ho L

) 2πNU ⋅ e−S⋅z ⋅ ℑ{r,ω,Yi , J m }

(4.24)

π
=
ρoUH o L N ⋅ e−S⋅z ⋅ ℑ{r,ω ,Yi , J m }
2
Formula 4.23 was derived by Queney in 1947 in a manuscript published by the University
of Chicago
Press, aimed at developing the theory of perturbations in stratified currents
€
with applications to air flow over mountain barriers. This document is the only one found
in the literature explicitly developing mathematical formulas for all the cases, included
the non-hydrostatic case of flow over a mountain.
I implemented formula 4.24 using Matlab and plotted the pressure deviation from
hydrostatic equilibrium as a function of the horizontal coordinate, x, along the wind
direction and airflow. To verify the results I compared the model (figure 4.6 a) with the
figure from Queney, 1947 (figure 4.6 b) for the non-hydrostatic wave regime relevant to a
hypothetical mountain of height H0=1 km, half-width L=1 km, experiencing a uniform
wind speed U=10m/s, and stability N=0.01 s-1. The results show good agreement, with a
pressure deviation at the mountain summit (for x=0, and z= H0) of -0.25 hPa (or mbar) in
both plots.
However, even though the results are in good agreement on the mountain top, some
discrepancies can be observed on the windward side and lee side of the mountain, e.g. at
x=-2 km and at x=7.5 km. These differences could be due to the fact that in the
manuscript by Queney of 1947 the computation of the curve was performed by hand and
it might have contained approximations for the higher order terms of the Bessel functions.
In addition, the curve of figure 4.6b from the paper by Queney published in 1948 could
have been computed using a different formula than 4.23, which was derived in the
manuscript by Queney published in 1947.
In general, it is important to notice that not only the summit is affected by the
phenomenon, but also the surrounding areas up to 10 km away from the mountain can
have non-negligible non-hydrostatic conditions for the given mountain topography and
wind speed that produce a positive or negative pressure deviation. Therefore, depending
on where a GPS station is located with respect to the summit of a mountain, there might
be a measurable pressure deviation from hydrostatic equilibrium that can be observed and
hence is a candidate for GPS tropospheric correction.
For the given mountain size and wind of figure 4.6, there is a positive pressure gradient
within 3 km on the upwind side, and a negative pressure gradient within about 6 km on
the lee side of the mountain. The strongest pressure deviation, however, is observed at the
summit, for x=0, as expected from the Bernoulli’s theorem.
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(a)

(b)
Figure 4.6: a) Pressure deviation from hydrostatic equilibrium in [hPa]=[mbar] modeled
implementing equation 4.24 in MATLAB, with U=10 m/s, L=1 km, Ho=1 km, and N=0.01 s-1. b):
Pressure Deviation as given in literature [Gill, 1982] and [Queney, 1948] for the same parameters
as in figure 4.6a.
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4.6.2 Conclusions and Model Validation
Queney’s streamline plots (figures 4.3, 4.4 and 4.5), based upon approximations to a
Fourier integral, are frequently reproduced in reviews and texts (e.g. Gill, 1982) and are
recognized as the canonical illustrations of downstream topographic waves.
In the case of constant stratification with rotation, Muraki (2000) has noted significant
departures in the near-ridge stream-function pattern between the original Queney
approximation and direct quadrature of the Fourier integral. On the other hand, among the
cases studied by Queney, the one with rotation is the most problematic, as the Fourier
integral is singular at the inertial wavenumber. Surprisingly, it also seems that an accurate
streamline depiction has yet to appear in the literature.
In rethinking Queney’s problem mathematicians have developed new analytical tools for
understanding linear topographic waves in the regime of order-one Rossby number. An
example of tool is the highly accurate quadrature scheme for the Fourier integral. The
approach to the Fourier integration abandons the usually efficient fast-Fourier transform,
and directly addresses the resolution of the inertial singularity. Although the
implementation often described in literature is specific to the two-dimensional ridge, the
same methodology is adaptable to the case of three-dimensional linear flow around
mountain topography, where both the non-rotating and rotating cases yield singular
Fourier integrals.
Unfortunately, there is no reference in the literature to validations of formula 4.23
(Queney, 1947) and plot of figure 4.4 (Queney, 1948) for the non-hydrostatic wave
regime. Recently, there have been much work relevant to the hydrostatic wave regime
(Pierrehumbert, 1984), (Hinch, 1991), (Trüb et al., 1995), (Muraki, 2000), (Snyder,
2006), and the curves for the topographic waves in a rotating, stratified, and hydrostatic
flow have been analyzed and validated.
Because this thesis is based on the non-hydrostatic wave regime, the necessary validation
will be performed via: 1. comparison of the corrected and non-corrected GPS IWV and
the estimated IWV from different sensors (e.g. PFR); and 2. statistical analysis of the
observed meteorological data on specific mountainous areas.
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5. Sensitivity Analysis of the NonHydrostatic Pressure Model
In this chapter I carry out a parametric study of the pressure deviation from hydrostatic
equilibrium derived from the model developed in chapter 4, formula 4.16. This pressure
gradient is computed as a function of the mountain topography and the atmospheric
conditions.
From the formula and the simulations performed it emerges that for a given mountain
height and width, the surface wind speed, U, is the main parameter affecting the nonhydrostatic pressure drop on the mountain. However, the influence of other atmospheric
parameters such as the atmospheric stability (expressed by the Buoyancy Frequency, N)
needs to be taken into account for accurate pressure estimation. As far as the mountain
topography is concerned, both mountain height and mountain width play a fundamental
role in creating the conditions for non-hydrostatic equilibrium.

5.1 Non-Hydrostatic Pressure Model Analysis
From formula 4.16 it follows that the pressure deviation from hydrostatic equilibrium
depends on the mountain topography (half-width L and height of the mountain H0) and
atmospheric parameters (wind speed U and the Buoyancy Frequency N). To better
understand the factors that contribute most strongly to non-hydrostatic variability, I have
carried out a sensitivity study, computing the pressure deviation from hydrostatic
equilibrium as function of the horizontal coordinate, x, for different values of each
parameter, while the other parameters are kept constant.
The pressure deviation is plotted for:
1. L varying between 600 m and 2400 m;
2. H varying between 1000 m and 2000 m;
3. U varying between 10 m/s (36 km/h) and 30 m/s (108 km/h)
4. N varying between 0.008 and 0.014.
The choice of the ranges of values for the mountain topography (in particular L) was
driven by the need to study the occurrence of non-hydrostatic wave regime behavior
(L~U/N) on narrow mountain ranges. The values of U were selected according to wind
speeds values monitored on mountains usually affected by high winds. The stability N
was chosen using usual stability values in the atmosphere around mountain ridges.
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Figure 5.1: Block diagram of the non-hydrostatic model for the estimate of the pressure deviation
from hydrostatic equilibrium. The input parameters are the mountain topography expressed in
terms of the half-width, L, of a 2D Gaussian ridge, the height of the mountain, H0, the surface
wind speed U (along the x coordinate for a ridge of cross section in the x-z plane) and the
atmospheric stability expressed by the Buoyancy Frequency N.

5.2 Range of Applicability for the Non-Hydrostatic
Wave Regime
As discussed in chapter 4, the non-hydrostatic wave regime takes place for very specific
atmospheric conditions (high winds) and for specific mountain topographies (narrow
mountains) for which, L~U/N.
Figure 5.2 presents possible regions in which the non-hydrostatic correction could be
adopted. From figure 5.2 it is evident that the wider the mountain is, the higher the wind
speed along the x coordinate needs to be for the non-hydrostatic wave regime to take
place. Because exceptional winds over 30 m/s=108 km/h occur quite seldom, for average
stability conditions (N=0.01s-1) on relatively large mountain ridges with half width L > 4
km non-hydrostatic conditions tend to be very rare.
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Figure 5.2a: Non Hydrostatic Wave regime condition as defined in section 4.4.2, formula 4.15 for
N=0.010 s-1. This regime occurs only for wind speeds and mountains half-widths such that L~U/N
(narrow mountains affected by high winds). The dashed lines define a wide region of applicability
with mountain width ± 50% of U/N. The dotted lines define a smaller region of applicability with
mountain width ± 25% of U/N.

However, when the atmosphere is less stable, the condition for non-hydrostatic wave
regime will occur for a lower wind speed, as shown in figure 5.2.b, since lower stability
encourages vertical motion. For instance, while in figure 5.2.a the non-hydrostatic
condition for a mountain of half-width L=2 km occurs for U=20 m/s, in figure 5.2.b the
same condition can take place for a wind speed U=16 m/s.
When the atmosphere is more stable (e.g. N-0.012 s-1) as in figure 5.2.c, the condition for
non-hydrostatic wave regime will occur only for higher wind speeds. It can be observed
that while in figure 5.2.a the non-hydrostatic condition for a mountain of half-width L=2
km occurs for U=20 m/s, in figure 5.2.c the condition occurs for a wind speed U=24 m/s.
Ultimately, the specific choice of the cutoff regions that define the limits for the
applicability of the model for the pressure deviation within the non-hydrostatic wave
regime will depend on the required model accuracy, the mountain topography and the
specific atmospheric conditions. These limits can be derived from experimental
validations or (when actual measurements are not available) from statistical analysis.
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Figure 5.2.b: Non Hydrostatic Wave regime condition as defined in section 4.4.2, formula 4.15,
for N=0.008 s-1 (less stable atmosphere).

Figure 5.2.c: Non Hydrostatic Wave regime condition as defined in section 4.4.2, formula 4.15,
for N=0.012 s-1 (more stable atmosphere).
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5.3 Study of the Effects of Mountain Topography
5.3.1 Pressure Deviation for Different Mountain Widths
In figure 5.3 the pressure deviation from hydrostatic equilibrium is modeled as a function
of the horizontal distance, x, from the summit for different mountain half-widths L.

(a)

(b)
Figure 5.3a: Two dimensional bell-shaped mountain model. Figure 5.3b: Pressure Deviation from
hydrostatic equilibrium as a function of the horizontal distance from the summit for different
mountain half-widths, with L~U/N=1 km (non-hydrostatic wave regime). In this plot the constant
parameters are the mountain height Ho=1 km, the wind speed U=10 m/s=36 km/h, and the BruntVäisälä frequency N=0.01 s-1.

According to figure 5.2, the non-hydrostatic wave regime is defined for half-width close
to the value U/N, i.e. for L~1000 m. We have defined the cut-off region for L ± 500
m=L± 50% U/N. For half-widths between 600 m and 1400 m, when the wind speed is as
low as 10 m/s, the hydrostatic wave regime can occur. For a mountain of height H0=1 km,
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experiencing a uniform wind speed U=10m/s, the pressure deviation drop is the strongest
at the summit, and increases with the mountain half-width. The pressure gradients for the
surrounding areas are also affected, especially on the leeward side. Within 2 km from the
summit the pressure deviation can have different sign depending on the width/height
ratio. Between ±1 km from the summit, and between 2 km and 6 km the pressure gradient
is negative. On the windward side of the mountain, between –4 km and –1 km from the
summit the pressure deviation is positive.
To further study the effect of the width on the pressure deviation, in figure 5.4a and 5.4.b,
the half-width of the mountain was increased to L~2 km, requiring U=20 m/s to meet the
non-hydrostatic equilibrium condition, so that L~U/N=2 km.

(a)

(b)
Figure 5.4: Pressure Deviation from hydrostatic equilibrium as a function of the horizontal
distance from the summit for different mountain half-widths, with L~U/N=2 km. In this plot the
constant parameters are the mountain height Ho=1 km, the wind speed U=20 m/s=72 km/h, and
the Brunt-Väisälä frequency N=0.01 s-1.
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It is important to point out that, in order for the non-hydrostatic wave regime to take
place, the half width needs to be of the order of L~U/N. Therefore, for a given mountain
width, this condition can occur only for a specific value of the wind speed and
atmospheric stability.
From the simulations it is apparent that for a wider mountain and higher winds, the
pressure deviation curve is almost symmetric on the windward and leeside of the
mountain (figure 5.4b).
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5.3.2 Pressure Deviation for Different Mountain Heights
To study the effect of the mountain height, Ho, in figure 5.5.b the pressure deviation from
hydrostatic equilibrium is shown as a function of the horizontal distance from the summit,
for different mountain heights, while L is fixed at L=U/N=1 km.

(a)

(b)
Figure 5.5.a: 2D bell shaped mountains modeled as function of the mountain heights, Ho, and the
horizontal distance from the summit. Figure 5.5.b: Pressure Deviation from hydrostatic
equilibrium as a function of the horizontal distance from the summit for different mountain
heights Ho. In this plot the fixed parameters are the half-width L=1 km, the wind speed U=10 m/s,
and the Väisälä frequency N=0.01 s-1.

For a mountain of half-width L=1 km, subject to a wind speed U=10m/s, the pressure
gradient drops rapidly from –0.25 mbar for H0= 1 km to –0.7 mbar for H0= 2 km. It is
important to note that not only the summit is affected by the phenomenon, but also the
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surrounding areas up to 8 km away from the mountain have sizable pressure deviations,
which become more intense for higher mountains (again with fixed wind speed and fixed
width).
From the plot it can be observed that the pressure deviation is asymmetric with respect
the x and y axis. A higher mountain has larger pressure deviation (in absolute value), and
the effect on the leeward side is stronger than the windward side.

5.4

Study of the Effects of the Mountain
Atmospheric Conditions

5.4.1 Study of the Effects of the Local Surface Wind Speed
As anticipated in the introduction, the most striking result of our modeling is related to
the effects of the wind speed on the estimate of the non-hydrostatic pressure. In figure 5.6
the pressure deviation from hydrostatic equilibrium is plotted as a function of the
horizontal distance from the summit for different moderate wind speeds. For a mountain
of half-width L=1 km, and height H0= 1 km, the pressure gradient drops from –0.25 mbar
for U=10m/s (36km/h) to –0.6 mbar for U=14 m/s.
In addition, as the wind speed increases, the curves relevant to the pressure deviation
become symmetric with respect to the x-axis, i.e. for the windward side and lee side of
the mountain. Also, the non-hydrostatic effects become very intense away from the peak,
but with varying signs (positive pressure gradient): even for a relatively small mountain
(Ho=1 km) the effects are considerable between 1km and 4 km.
Therefore, given the topography of the mountain, the most important parameter for
establishing pressure deviations from hydrostatic equilibrium is the wind speed. This can
be explained mathematically by the fact that the pressure deviation depends quadratically
on the wind speed.
In figure 5.6 it can be observed how even a small increase in wind speed produces a
noticeable variation of the pressure deviation intensity and distribution along the
mountain profile. For a wind speed in excess of 15 m/s, it is necessary to introduce a nonhydrostatic correction for mountains of height Ho=1 km, half width L= 1 km, and stability
condition described by N=0.01 s-1. Moreover, the effect in the vicinity of the summit
(between 1 km and 2 km on both, wind ward and lee ward sides) are also non negligible
and symmetric with respect to the x-axis.
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Figure 5.6: Pressure Deviation from hydrostatic equilibrium as a function of the horizontal
distance from the summit for moderate wind speeds, with values between U=10 m/s and U=14
m/s. Ho=1 km, L= 1 km, and N=0.01 s-1. The variation of the wind is chosen so that the nonhydrostatic wave regime is valid, according to figure 5.2.

Figure 5.7: Pressure Deviation from hydrostatic equilibrium as a function of the horizontal
distance from the summit for high wind speeds, with values between U=16 m/s and U=20 m/s.
Ho=1 km, L= 2 km, and N=0.01 s-1. The wind speed and half-width are chosen so that the nonhydrostatic wave regime is valid, while the stability is kept constant, according to figure 5.2.

In figure 5.7 the pressure deviation from hydrostatic equilibrium is plotted as a function
of the horizontal distance from the summit for high wind speeds. For a mountain of halfwidth L=2 km, and height H0= 1 km, the pressure gradient drops from –0.9 mbar for
U=16 m/s to –1.70 mbar for U=20 m/s.
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5.4.2 Study of the Effects of the Mountain Atmospheric
Stability
Finally, it is of interest to analyze the effects of the atmospheric stability (Buoyancy
Frequency N) on the pressure deviation from hydrostatic equilibrium. The results are
shown in figure 5.8, where N varies between 0.008 s-1 and 0.014 s-1, in increments of
0.002 s-1.

Figure 5.8 Modeled Pressure Deviation from hydrostatic equilibrium caused by the orographic
uplifting due to the mountain topography as a function of the horizontal distance from the summit
for different conditions of Atmospheric Stability (Buoyancy Frequency, N). In this plot the fixed
parameters are the mountain height Ho=1 km, the half-width L= 1 km, and the wind speed, U=10
m/s.

All the other parameters (L, H, U) being fixed, for N=0.01 s-1 there is a considerable
negative pressure anomaly at the summit, and a considerable positive pressure gradient at
about one kilometer on the windward side and lee side as well. The pressure gradient
changes sign between 2 km and 6 km from the summit on the lee side. For N=0.014 s-1 (a
very stable atmosphere), the effect is even stronger and on the lee side the maximum
pressure gradient occurs closer to the summit.
For a given value of wind speed (in this case U=10 m/s), a more stable atmosphere
(higher positive N) produces a moderately higher-pressure deviation from hydrostatic
equilibrium. This can be explained by the more rigid cap created over the mountain by a
stable atmosphere. According to the generalized Bernoulli Theorem, the wind increase is
greater due to the smaller passage and hence the pressure drop is greater.
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However, from further studies an interesting result emerged: for higher wind speeds
(U>15 m/s) the pressure deviation from hydrostatic equilibrium at the summit is actually
stronger for a less stable atmosphere (smaller positive N) as shown in figure 5.9. This is
opposite to what it was found for lower wind speeds.

Figure 5.9 Modeled Pressure Deviation from hydrostatic equilibrium caused by the orographic
uplifting due to the mountain topography as a function of the horizontal distance from the summit
for different values of the Buoyancy Frequency, N. In this plot the fixed parameters are the
mountain height Ho=1 km, the half-width L= 2 km, and the wind speed is U=20 m/s to capture the
effects under high wind-speed conditions.

In order to understand the relation of the non-hydrostatic pressure deviation to both wind
speed and stability, I have created a contour plot map of the pressure deviation at the
summit of a mountain as function of the wind speed and Buoyancy Frequency, as shown
in figure 5.10.
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Figure 5.10: Contour plot map of Pressure Deviation from hydrostatic equilibrium plotted against
wind speed, U (varying from 10 to 20 m/s), and Buoyancy Frequency, N (varying from 0.0100 to
0.0175). This plot was computed for a mountain ridge of height H=1km, and half width between
1km and 2 km.

Analyzing this figure the following interesting results can be observed:
1) Stable Region: For wind speeds below 11 m/s the contour plot curves have a
monotonic negative slope, which indicates that for a fixed (low) wind speed
higher N causes the pressure deviation to be higher (as shown in detail for
parametric curves in figure 5.8). This can be explained by the more rigid cap
created by a stable atmosphere resulting in a stronger Bernoulli effect;
2) Cutoff Region: Between 12 m/s and 14 m/s the contour plot curves show a
transition area of the slope between the top (monotonically negative) and bottom
(monotonically positive) of the plot. There is a local maximum at about N=0.014.
This suggests that locally the same pressure deviation will occur between two
different values of N for every given wind speed in this region.
3) Less Stable Region: For wind speeds above 14 m/s the curves have a positive
monotonic slope, which indicates that for a fixed wind speed a higher N causes
the pressure deviation to be smaller (as shown in parametric form in figure 5.9).
This suggests an opposite result than in the stable region, i.e. a less stable
atmosphere produces higher-pressure deviations for high wind speeds. This
theoretical prediction can be explained by the fact that a less stable atmosphere
encourages vertical motion.
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The previous study suggests that the stability of the atmosphere plays an important role in
the computation of the pressure deviation from hydrostatic equilibrium and needs to be
evaluated for high accuracy estimations of ZHD and IWV.
In order to estimate the atmospheric stability, N, it is necessary to have access to the
temperature profile information. This can be achieved either from radiosondes or
atmospheric numerical models.
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6.

Non-hydrostatic Pressure
Deviation Corrections on
Jungfraujoch

In this chapter the proposed non-hydrostatic model for the estimation of the pressure
deviation from hydrostatic equilibrium is applied to Jungfraujoch, a mountain pass
located in the Swiss Alps at an altitude of 3,470 m (mid-troposphere) with an average
annual pressure Pave ~ 655hPa. On Jungfraujoch strong winds are often observed, as well
as unexpected errors in the GPS measurements and estimates of the GPS IWV. The
presence of high winds and its narrow topography suggest that Jungfraujoch might be an
ideal candidate for the proposed method.
Jungfraujoch hosts a high-altitude meteorological station, part of the ANETZ network,
and a GPS station (JUJO), part of the Swiss GNSS network, AGNES. On Jungfraujoch
high accuracy estimates of GPS IWV are particularly valuable as they are used to
estimate an altitude correction for the IWV data from all the 31 AGNES stations. For this
reason, a non-hydrostatic correction to improve the IWV GPS estimates on Jungfraujoch
during windy days turns out to be especially important.

6.1 The Topography of Jungfraujoch
The Jungfrau is the westernmost and highest mountain of the famous Eiger, Mönch,
Jungfrau trilogy in the Bernese Oberland. Jungfrau (3,478 m) and its neighboring
peak Mönch (4,099 m) are connected by a mountain pass, called Jungfraujoch, which
hosts the Sphinx Observatory.
Jungfraujoch (point D, figure 6.1) is often affected by strong winds, likely due to the
orographic uplift taking place over its peculiar topography. A very long glacier extends
from an altitude of 2,320 m (point A) and slopes gently for the first 7 km with only ~350
m height increase (at point B). It then slopes more steeply for 3 km with a ~250 m height
increase (at point C). It becomes extremely steep over the last 2.6 km, with a height
increase of ~550 m between point C to point D. A cross section of Jungfrajoch is shown
in figure 6.2.
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Figure 6.1: Junfraujoch (point D) and the “wind channel” created by the Aletsch Glacier
(A,B,C,D), encouraging Orographic Uplift. (Image and coordinates extracted from Google Earth)
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Figure 6.2: Cross-section of Jungfraujoch extracted from three-dimensional images (figure 6.1).

The steep glacier topography (see figures 6.3 and 6.4) causes the winds to be
exceptionally high when they are blowing from the (S-E) to the (N-W) direction, as is
evident from meteorological observations.
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Figure 6.3: View of the Aletsch Glacier from the Sphinx Observatory, on Jungfraujoch. (Photo by
Ernst Wenk).

Figure 6.4: Sphinx Observatory, located at an altitude of at 3,571 meters in the Swiss Alps. It is
the highest-altitude construction in Europe, standing 117 meters above Jungfraujoch.

In order to apply the proposed mathematical non-hydrostatic model for the estimation of
the pressure deviation from hydrostatic equilibrium, I will approximate Jungfraujoch as a
2D bell-shaped mountain of half-width L=1,650 m, and height (between point A and D)
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Ho=1,150 m. Given its topography modeled in figure 6.2 and the wind direction, this
seems to be a reasonable assumption.
In order for the proposed 2D non-hydrostatic model to be valid it is necessary to restrict
the application of the proposed model to the cases in which the wind is incoming from the
Southeast direction (figure 6.5).

Figure 6.5: 3D map of Jungfraujoch from Google Earth: Southeast view

This turns out not to be a critical restriction. An analysis of meteorological observations
on Jungfraujoch indicates the high winds on this pass often occur in the South-East
direction, where the smooth Aletsch Glacier creates a channel for the airflow to go
upward (figures 6.5 and 6.6).
For this reason a 2-D mountain model seems a good approximation even when applied to
this relatively narrow mountain pass.
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Figure 6.6: 3D map of the Jungfraujoch from Google Earth: Northwest view.

6.2

Non-Hydrostatic Wave Regime on
Jungfraujoch

The specific topography of Jungfraujoch encourages non-hydrostatic equilibrium
conditions for certain winds and atmospheric stability, resulting in strong pressure
anomalies as predicted by the model of formula 4.18.
In the following I will perform a general sensitivity analysis on Jungfraujoch to evaluate
the order of magnitude of the wind speeds for which the hydrostatic wave regime might
occur for different atmospheric stability conditions.
The first step is to determine the range of wind speeds and atmospheric stability that
create the conditions for the non-hydrostatic wave regime on Jungfraujoch to take place.
On Jungfraujoch, for the a given value of the Buoyancy frequency N, the non-hydrostatic
condition introduced in section 4.4.2 is:

U
L ≈ = 1650
N
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In a less stable atmosphere, with N=0.008 s-1 the non-hydrostatic wave regime occurs for
U≈13.2 m/s
as shown in figure 6.7.
Introducing a ± 25% variation on this condition, the range of wind velocities for which
non-hydrostatic equilibrium occurs on Jungfraujoch when N=0.008 s-1, can be estimated
according to figure 6.7 as:
10.6 m/s < U < 17.6 m/s

Figure 6.7: Non Hydrostatic Wave Regime condition on Jungfraujoch for N=0.008 s-1. For a less
stable atmosphere, with N=0.008 s-1, the wind speed necessary to create the conditions for nonhydrostatic wave regime is smaller (U≈13.2 m/s), since the less stable atmosphere encourages
vertical motions/accelerations. The range of wind velocities for which non-hydrostatic
equilibrium occurs on Jungfraujoch when N=0.01s-1 is 10.6 m/s < U < 17.6 m/s
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In a average stable atmosphere, with N=0.010 s-1 non-hydrostatic wave regime occurs for
U≈13.2 m/s
as shown in figure 6.8.
Introducing a ± 25% variation on this condition, the range of wind velocities for which
non-hydrostatic equilibrium occurs on Jungfraujoch when N=0.010 s-1 can be estimated
according to figure 6.8 as:
13.2 m/s < U < 22.0 m/s

Figure 6.8: Non Hydrostatic Wave Regime condition on Jungfraujoch for N=0.010 s-1, occurring
for U≈16.5 m/s. If we allow a ± 25% variation on this condition, the range of wind velocities for
which non-hydrostatic equilibrium occurs on Jungfraujoch when N=0.010 s-1 is 13.2 m/s < U <
22.0 m/s
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In more stable atmospheric conditions, with N=0.012 s-1, the non-hydrostatic wave
regime occurs for
U≈19.8 m/s
as shown in figure 6.9.
Introducing a ± 25% variation on this condition, the range of wind velocities for which
non-hydrostatic equilibrium occurs on Jungfraujoch when N=0.012 s-1 can be estimated
according to figure 6.9 as:
15.8 m/s < U < 26.4 m/s

Figure 6.9: Non Hydrostatic Wave Regime condition on Jungfraujoch for N=0.012 s-1. For a more
stable atmosphere, with N=0.012 s-1, the wind speed necessary to create the conditions for nonhydrostatic wave regime is larger (U≈19.8 m/s), since the more stable atmosphere tends to resist
vertical motions/accelerations. The range of wind velocities for which non-hydrostatic
equilibrium occurs on Jungfraujoch when N=0.012 s-1 is 15.8 m/s < U < 26.4 m/s
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Finally, in an extremely stable atmosphere, with N=0.014 s-1, the non-hydrostatic wave
regime occurs for
U≈23.1 m/s
as shown in figure 6.10.
Introducing a ± 25% variation on this condition, the range of wind velocities for which
non-hydrostatic equilibrium occurs on Jungfraujoch when N=0.014 s-1 can be estimated
according to figure 6.9 as:
18.5 m/s < U < 30.8 m/s

Figure 6.10: Non Hydrostatic Wave Regime condition on Jungfraujoch for N=0.014 s-1. For an
extremely stable atmosphere, with N=0.014 s-1, the wind speed necessary to create the conditions
for non-hydrostatic wave regime needs to be exceptionally high (U≈23.1 m/s), since a more stable
atmosphere tends to resist to vertical motions/accelerations. The range of wind velocities for
which non-hydrostatic equilibrium occurs on Jungfraujoch when N=0.014 s-1 is 18.5 m/s < U <
30.8 m/s
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To summarize the results of figures 6.7 - 6.10, on Jungfraujoch the non-hydrostatic wave
regime occurs for:
Lower wind speeds
Medium-high winds
Very high winds
Extremely high winds

~10 m/s – 13 m/s only in a less stable atmosphere N~0.008 s-1
~13 m/s – 18 m/s for general stability 0.008 s-1 < N <0.012 s-1
~18 m/s – 26 m/s in a stable atmosphere 0.010 s-1 <N<0.014 s-1
~26 m/s – 30 m/s only in a very stable atmosphere N=0.014 s-1

From this analysis it emerges that the non-hydrostatic wave regime on Jungfraujoch is
more likely to occur for winds between 13m/s and 26 m/s. Lower winds (between 10 m/s
and 13 m/s) trigger non-hydrostatic conditions only in a very unstable atmosphere. On the
other end, extremely high winds (quite rare on Jungfraujoch) of 26 m/s – 30 m/s can
produce non-hydrostatic conditions only for a very stable atmosphere.
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6.3 Wind Speed Measurements and Statistics
In order to evaluate the occurrence of certain wind speeds on Jungfraujoch and make the
case for the need for non-hydrostatic corrections, I processed all the wind speeds
measurements form ANETZ in winter months (December, January, February, and March)
from December 2001 to March 2005.
Figure 6.11a shows a histogram extracted from ANETZ data relevant to winds measured
on Jungfraujoch during a very windy month: March 2002. During this month
exceptionally high winds were measured on Jungfraujoch of over 35 m/s (=126 km/h) (2
occurrences).

Figure 6.11a: Wind speed recorded on Jungfraujoch March 2002, a high-wind month. For each
day, twenty-four wind data samples were measured, one every hour from 0:40 to 23:40.

In the month of March 2002, 10.4% of the measurements recorded wind speeds below 5
m/s. The wind speed was between 5 m/s and 10 m/s 37.6% of the time. The wind speed
was over 10 m/s 52.0% of the time. The wind was over 15 m/s about 26.1% of the time.
In March 2002, the wind speed was between 15 m/s and 25 m/s, 18,6% of the time. This
is the range of wind speeds for which the non-hydrostatic correction on Jungfraujoch will
need to be introduced. In fact, we have already pointed out that on Jungfraujoch, given its
topography, for wind speeds between ~ 13 m/s and ~ 26 m/s, non-hydrostatic wave
regime is applicable for a wide range of atmospheric conditions, which occurs around
25% of the time during this particular month.
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Figure 6.11b shows a histogram extracted from ANETZ data relevant to winds measured
on Jungfraujoch during a month of very low winds: March 2004. During this month very
low winds were measured on JUJO, never reaching over 20 m/s.

Figure 6.11b: Wind speed recorded on Jungfraujoch in March 2004, a low-wind month. For each
day, twenty-four wind data samples were measured, one every hour from 0:40 to 23:40.

In March 2004, the wind speed was over 10 m/s only 11.2% of the time, which means
that in this month the non-hydrostatic correction would only be necessary for less than
10% of the measurements.
In table 6.1 I report the total winds measurements for the ANETZ data analyzed in this
thesis, between December 2001 and March 2005.

92

Table 6.1: Wind speeds occurrences extracted from ANETZ data, measured on Jungfraujoch
between December 2001 and March 2005. Every day 24 measurements were recorded, one for
each hour from 0:40 to 23:40 hour.
Wind U
# of
Occurr.

Date
Dec 01
Jan 02
Feb 02
Mar 02
Dec 02
Jan 03
Feb 03
Mar 03
Dec 03
Jan 04
Feb 04
Mar 04
Dec 04
Jan 05
Feb 05
Mar 05
TOT
11,537

0-5
[m/s]

5 - 10
[m/s]

10 - 15
[m/s]

15 - 20
[m/s]

20 - 25
[m/s]

25 - 30
[m/s]

30 - 35
[m/s]

35 - 40
[m/s]

106
132
54
80
278
217
197
253
252
281
282
352
203
150
241
225

308
278
178
289
296
364
291
401
237
291
262
309
270
358
276
424

204
252
279
199
144
129
169
88
133
127
109
72
197
166
113
89

81
54
90
103
19
27
15
2
56
34
22
11
65
44
31
6

40
21
48
40
7
7
0
0
41
11
7
0
9
24
10
0

3
5
16
21
0
0
0
0
10
0
3
0
0
1
1
0

2
2
7
35
0
0
0
0
15
0
8
0
0
0
0
0

0
0
0
2
0
0
0
0
0
0
3
0
0
0
0
0

3,303

4,832

2,343

600

265

60
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In general, from our analysis of a total of 11,537 wind speeds measurements on
Jungfraujoch I have found that:
The wind speed was 0 m/s < U < 5 m/s for 3,303 measurements, 28.6 % of the time.
The wind speed was 5 m/s < U < 10 m/s for 4,832 measurements, 41.9 % of the time.
The wind speed was 10 m/s < U < 15 m/s for 2,343 measurements, 20.3 % of the time.
The wind speed was 15 m/s < U < 20 m/s for 660 measurements, 5.7 % of the time.
The wind speed was 20 m/s < U < 25 m/s for 265 measurements, 2.3 % of the time.
The wind speed was 25 m/s < U < 30 m/s for

60 measurements, 0.5 % of the time.

The wind speed was 30 m/s < U < 35 m/s for 69 measurements, 0.6 % of the time.
The wind speed was 35 m/s < U < 40 m/s for 2 measurements,
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0.02 % of the time.

Therefore, from the analysis carried out in this section it emerges that non-hydrostatic
conditions most likely took place on Jungfraujoch about 29.5 % of the time during winter
months from 2001 and 2005, e.g. when the wind speed was over 10 m/s. Hence, for about
29.5% of the measurements acquired in winter, it is necessary to introduce a nonhydrostatic correction to obtain accurate GPS positioning and GPS IWV estimates on
Jungfraujoch.
In the next section I derive the order of magnitude of the non-hydrostatic corrections on
Jungfraujoch for a range of usual wind speeds and stabilities. I compare this correction
with the required accuracy for high precision positioning and GPS Meteorology to
demonstrate that this correction is not negligible and necessary.
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6.4 Need for Non-Hydrostatic Corrections on
Jungfraujoch
In this section I evaluate the need for a non-hydrostatic correction in GPS meteorological
data acquired on Jungfraujoch, considering the usual wind speeds observed in winter
months, the pressure deviation from hydrostatic equilibrium caused by these winds, the
error in GPS IWV estimates produced by this pressure deviation, and how this error
compares to the acceptable error in IWV estimation for atmospheric sciences.
In figure 6.12 the theoretical estimate of the pressure deviation from hydrostatic
equilibrium on Jungfraujoch is plotted as a function of the horizontal distance from the
summit for different wind speeds, U, and the relevant stability values, N, that create
conditions necessary for the non-hydrostatic wave regime to take place.

Figure 6.12: Modeled Pressure Deviation from hydrostatic equilibrium (in mbar) as a function of
the horizontal distance from the summit (in kilometers) for different wind speeds and stability
values according to the non-hydrostatic wave regime defined in figures 6.5 - 6.10. For
Jungfraujoch the height is Ho=1,150 m and the half-width is L= 1,650 m.

Every 1 mbar of error in surface pressure measurements introduced in the GPS estimates
of the ZHD results in approximately 0.4 mm error in precipitable water (PW) estimates
(Rocken et a., 1993), (Elgered, 1993).
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δPW ~ 0.4 ⋅ δP

(6.6)

Assuming hydrostatic equilibrium, the ZHD can be predicted to better than 1.0 mm with
surface pressure measurement accuracies of 0.5 mbar. The error introduced by the
assumption of hydrostatic
€ equilibrium depends on winds and topology, but has been
estimated from literature to be usually of the order of 0.01%. This corresponds to 0.2 mm
in ZHD. However, extreme conditions may cause an error of several mm, as suggested in
Elgered, 1999, where the error in ZHD was estimated up to 20 mm/1000 mbar.
From figure 6.12 it follows that at x=0 (i.e. on the summit):
For U=13.2 m/s and N=0.008 s-1, the error in the estimated GPS PW is ~ 0.52 mm
For U=16.5 m/s and N=0.010 s-1, the error in the estimated GPS PW is ~ 0.84 mm
For U=19.8 m/s and N=0.012 s-1, the error in the estimated GPS PW is ~ 1.16 mm
For U=23.1 m/s and N=0.014 s-1, the error in the estimated GPS PW is ~ 1.60 mm
In general, in order for the values of GPS IWV or PW to be meaningful for atmospheric
science applications they need to be estimated with an error smaller than 0.5 mm – 1.0
mm. However, at high altitude stations as the one on Jungfraujoch the IWV is usually
small, approximately between 0.1 mm and 2.7 mm. On such GPS stations located in the
mid-troposphere an error of 0.5 mm becomes important, since is it of the order of
magnitude of the measurements themselves.
From this analysis it emerges that on Jungfraujoch, for winds exceeding ~13 m/s (47
km/h) it is necessary to introduce the proposed non-hydrostatic correction, since the error
in the estimate of the PW is over 0.5 mm, which exceeds an acceptable error margin.
Wind speeds exceeding 10 m/s (36 km/h) are observed on Jungfraujoch approximately
32% of the time in winter (see figure 6.11).
Therefore, according to the proposed model and the non-hydrostatic wave regime
condition of section 6.2, for high accuracy applications the proposed non-hydrostatic
correction to the surface pressure in the ZHD and IWV estimates needs to be introduced
about 32% of the time in winter on Jungfraujoch.

6.5 Sensitivity Analysis for U and N on
Jungfraujoch
In this section I carry out a quantitative sensitivity analysis to understand the impact of
the wind speed intensity and atmospheric stability on the estimation of the pressure
deviation from hydrostatic equilibrium using the proposed model.
Figure 6.13 illustrates the impact of different values of wind speed for a fixed Buoyancy
Frequency, N=0.010 s-1, where the wind speed ranges are chosen so that the nonhydrostatic equilibrium wave regime is applicable. Figure 6.14 illustrates the impact of
different values of atmospheric stability for a fixed wind speed, U=20 m/s, where the
stability range values are chosen so that the non-hydrostatic equilibrium wave regime is
applicable.
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Figure 6.13: Modeled Pressure Deviation from hydrostatic equilibrium (in mbar) as a function of
the horizontal distance from the summit (in kilometers) for different wind speeds and fixed
stability N=0.010 s-1 (in non-hydrostatic wave regime).

Figure 6.14: Modeled Pressure Deviation from hydrostatic equilibrium (mbar) as a function of the
horizontal distance from the summit for different values of the atmospheric stability, for Ho=1150
m, L= 1650 m, and fixed at U=20 m/s.

Comparing figures 6.13 and 6.14 it is evident that the impact of the atmospheric stability
on the modeled pressure deviation is less important than the effects of the wind speed.
However, they are not negligible and they should be taken into account for an accurate
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estimate of the pressure deviation, ZHD, and GPS IWV.
In figure 6.15 and 6.16 I quantify the pressure deviation difference due to a 10 m/s
increase in wind speed, and for a 0.004 s-1 stability increase, respectively. Again, it is
evident that the non-hydrostatic pressure deviation is to first-order controlled by the
magnitude of the wind field; however it is also a second-order function of the
atmospheric stability.
In figure 6.15, for a 10 m/s increase in wind speed, from 16 m/s to 26 m/s (with fixed
stability N=0.012 s-1 that allows non-hydrostatic conditions on Jungfraujoch for the given
range of wind speeds), the pressure deviation from hydrostatic equilibrium is more than
4.0 mbar at the summit, for x=0.
In figure 6.16, for a 0.004 s-1 change in stability, N, from 0.010 s-1 and 0.014 s-1, (for
fixed with speed U=20 m/s that allows non-hydrostatic conditions on Jungfraujoch for the
given range of N), the pressure deviation from hydrostatic equilibrium is less than 1.0
mbar at the summit, for x=0.

Figure 6.15: Pressure Deviation from hydrostatic equilibrium for fixed atmospheric stability, and
a velocity variation of 10 m/s. At x=0, dp varies between –1.7 mbar (for U=16 m/s) and –6.19
mbar (for U=26 m/s), for a total of 4.49 mbar variation.
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Figure 6.16: The Pressure Deviation from hydrostatic equilibrium for fixed wind speed, and
stability variation of 0.004 s-1. At x=0, dp varies between –2.8 mbar and –3.4 mbar, for a total of
0.6 mbar variation.

Therefore, the average change of the wind speed produces a variation in pressure
deviation from hydrostatic equilibrium that is more than 4 times larger than the one
produced by the average variation in atmospheric stability.
In section 6.6 I will compute the pressure deviation from hydrostatic equilibrium on
Jungfraujoch using actual atmospheric data acquired on its atmospheric meteorological
station (ANETZ). The Buoyancy Frequency, N, is computed from temperature profiles
extracted from a Swiss non-hydrostatic local atmospheric model (aLMo). A brief
description of the data used in this thesis is provided in the next section 6.6.

6.6

Atmospheric and GNSS Networks in
Switzerland

Atmospheric information is necessary as input parameters for the proposed model,
particularly the surface wind speed (intensity and direction) as discussed above. The input
parameters used in this thesis for Jungfraujoch are obtained from the ANETZ
meteorological network. The aLMo non-hydrostatic local atmospheric Alpine Model is
also used for a two-fold purpose: (1) to validate the results of our non-hydrostatic model
and (2) to estimate the atmospheric stability from temperature profiles, since radiosondes
are not available at this site.
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In this thesis I have used data from the ANETZ and AGNES networks, and data
generated from the aLMo model relevant to Jungfraujoch during the winter months
(December-March) taken from December 2001 to March 2005. On Jungfraujoch, during
the winter months the winds are more likely to reach higher speeds. For instance, on
January 13, 2004 exceptionally high winds with peak speeds up to 200 km/h were
recorded on Jungfraujoch.
The reason for choosing these months at this location is that I am interested in those
instances when high winds produce non-hydrostatic conditions on mountains or ridges:
the higher the winds, the more important is this effect. Even though during summer
months it is also possible to experience high winds, other turbulent phenomena can take
place in warmer weather and, therefore it becomes difficult to isolate and model the
effects of the orographic wind using our proposed methodology. Therefore, for this study
I will limit the analysis to winter months and high wind conditions.
ANETZ is a network of 72 meteorological stations maintained by Meteo Swiss. The first
automatic station of this network was installed in Switzerland in 1975. The
meteorological data from the Meteo Swiss ANETZ network have been automatically
received every 10 minutes from all stations, since June 14th 2001. Starting in spring
2004, the data automatically received are quality controlled.
AGNES (Automatic GPS Network of Switzerland) is a permanent GPS network operated
by Swisstopo and consists of 31 permanent GPS stations. AGNES is a network serving as
reference for national first order surveys, scientific research and positioning services.
The Alpine Model, aLMo, is the Swiss implementation of COSMO (Consortium for
Small-Scale Modeling), a non-hydrostatic, fully compressible local atmospheric model.
aLMo has been operational since April 2001 and consists of 385 by 325 by 45 grid points
with a horizontal grid spacing of around 7 km. The vertical information is subdivided in
45 generalized terrain-following pressure based levels. The prognostic variables are air
pressure, temperature, the three Cartesian wind components, specific humidity, and liquid
water content.
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6.7 Modeling Pressure Deviation on Jungfraujoch
using Actual Data
In Figure 6.19, I compare the results of the theoretical non-hydrostatic modeling results
using continuously increasing wind speeds at constant intervals and fixed stability
N=0.010 s-1 with the modeling results obtained using actual atmospheric winds speeds
provided by ANETZ and Buoyancy frequency N derived from aLMo.

Figure 6.19: Pressure Deviation as function of simulated surface wind speed, U (derived from
ANETZ data), using the proposed theoretical model without the information on the atmospheric
stability, assuming a typical constant value N=0.010 s-1 (solid line). The Pressure Deviation was
also estimated introducing the actual wind speed information from meteorological data and
estimated values of N for each point (red circles). N was computed from formula 3.9. section
3.6.2 using temperature profiles derived from the Swiss Alpine Model, aLMo. The wind speed
information was extracted from ANETZ data. The data are relevant to measurements on
Jungfraujoch during the month of December 2001.

For this study, in figure 6.19, I have limited the computation to wind speeds between 13
m/s and 22 m/s, so that the non-hydrostatic wave regime for N=0.010 s-1 is applicable.
The atmospheric stability (and hence N) depends on the slope of the temperature profile
with respect to the adiabatic lapse rate, Γ. Because we do not have regular radiosonde
information at the summit of Jungfraujoch that could provide these vertical temperature
profiles, to estimate the non-hydrostatic pressure deviations I have used data provided by
aLMo. Using aLMo I have determined the values of N based upon the modeled vertical
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temperature profiles. An example of the temperature profiles used to process the data in
figure 6.19 is provided in figure 6.20.

Γ

Figure 6.20: Temperature profiles derived from aLMo. This particular data is relevant to two days
selected for their high wind: December 22, and 25, 2001. For each day aLMo provides 4 data
profiles, at 00:00, 06:00, 12:00 and 18:00 hours. We used the slope of these curves in the
troposphere (lower section) to determine N for the pressure deviation computations of figure 6.19.

The maximum pressure deviation bias due to different stability values in this case was
found to be about ± 0.8 mbar. Note that the present pressure sensors accuracy is
approximately 0.5 mbar.
An error in surface pressure of 0.8 mbar translates approximately in 0.32 mm error in the
estimate of PW. This means that in order to achieve the required accuracy in the estimate
of GPS IWV using the proposed non-hydrostatic correction in this case it is not necessary
to have access to temperature profiles of the atmosphere to compute N, even for high
accuracy applications. This consideration simplify the use of the proposed nonhydrostatic model, since the model applied to Jungfraujoch produces adequate accuracy
even without knowledge of the atmospheric stability information.
However, the determination of the occurrence of the non-hydrostatic wave regime,
requires the knowledge of N. It is, of course, possible to apply general constraints to the
model, without explicitly deriving N, evaluated from a wide range of preliminary
observations of non-hydrostatic equilibrium occurrences. Nevertheless, if the stability
information is available, the results of the model are likely to be more accurate, since, for
instance, in some circumstances applying the correction to a case in which nonhydrostatic equilibrium does not take place is not meaningful and might cause to actually
increase the error instead compensating for one.
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Table 6.2 summarizes the corrections introduced by the non-hydrostatic model during
different atmospheric conditions occurring on Jungfraujoch with certain statistical
significance.
Table 6.2: Corrections introduced by the model on Jungfraujoch during different wind conditions.
The blue area highlights the non-hydrostatic wave regime.

According to the model presented in this thesis, the mean error in the estimate of the
precipitable water is 0.6 mm for wind speeds between 10 m/s and 15 m/s, wind speeds
that occur on Jungfraujoch more than 20% of the time in winter. The mean error in the
estimate of the precipitable water is 1.0 mm for wind speeds between 15 m/s and 20 m/s,
wind speeds that occur on Jungfraujoch about 6% of the time in winter. The mean error in
the estimate of the precipitable water is 1.6 mm for wind speeds between 20 m/s and 25
m/s, wind speeds that occur on Jungfraujoch about 2.3% of the time in winter. Finally, the
mean error in the estimate of the precipitable water can be up to 2.4 mm for exceptionally
high winds occurring only 0.5% of the time on Jungfraujoch.
In Chapter 7 validations of the proposed non-hydrostatic correction are carried out, and
larger data analysis is performed for a statistically significant analysis. In the following
the model is applied to the summit of Jungfraujoch, at x=0.
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7. Validation and Data Processing
To validate the applicability of the non-hydrostatic approach for the modeling of the
pressure deviation from hydrostatic equilibrium and to determine the accuracy of the
relative corrections in the estimation of the ZHD the IWV, three different methodologies
have been implemented in this thesis:
1. Using aLMo data
Comparison between the estimated pressure deviation from hydrostatic equilibrium
computed from the proposed non-hydrostatic approach and the pressure deviation
derived from the non-hydrostatic numerical local atmospheric Alpine Model, aLMo
(see appendix B). The validation using aLMo data is described in Section 7.1.
2. Using PFR data
Comparison between the Integrated Water Vapor estimates from GPS data (IWVGPS)
with and without non-hydrostatic correction and the IWV estimates from the Precise
Filter Radiometer (IWVPFR). The PFR is a permanent sensor continuously acquiring
data from the high altitude atmospheric station on Jungfraujoch (Section 7.2).
3. Using ANETZ data
Analysis of the atmospheric data provided by ANETZ stations to investigate the
relationship between pressure and wind speed during severe weather on Jungfraujoch.
I also analyzed the data using low altitude neighboring atmospheric stations: BernLiebefeld, Locarno-Monti, and Stabio (Section 7.3).
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7.1 Validation using Numerical Non-Hydrostatic
Models
7.1.1: Pressure Deviation from aLMo
In this section a methodology is developed to compute independent estimates of pressure
deviation from hydrostatic equilibrium on top of Jungfraujoch using data derived from
the non-hydrostatic atmospheric numerical model aLMo. This methodology uses the
atmospheric parameter profiles provided by the numerical weather model, i.e.
temperature, pressure, wind speed, and specific humidity as function of atmospheric
height.
The algorithm developed for the estimation of the pressure deviation from hydrostatic
equilibrium is described in detail in the following.
From the equation of hydrostatic equilibrium the hydrostatic pressure is given by (chapter
3, section 3.3.1, formula 3.1):

∂p h
= −ρg
∂z

(7.1)

As discussed in chapter 4, section 4.2, the total pressure (or pressure measured at the
station) can be defined as€the sum of the hydrostatic term plus the non-hydrostatic
contribution:

p tot = p h + p n−h

(7.2)

where the non-hydrostatic pressure term on a mountain due to orographic uplift is a
tot

h

n−h

negative term, i.e. p € = p + (− p
) . In this section we will let the numerical
model aLMo determine the sign of the non-hydrostatic term, according to equation 7.2.
According to the equation of state, the total pressure can be written as:

€
p tot = ρRT Virt

(7.3)

Virt

(z) = T ⋅ (1 + 0.61⋅ Q) , and Q is the
where the virtual temperature is given by T
€ it is possible to solve for the total density and obtain:
specific humidity. Therefore
€

p tot
ρ=
RT Virt

Substituting (7.4) in (7.1) the hydrostatic pressure gradient is given by:

€
106

(7.4)

dp h = −

g
p tot dz
Virt
RT

(7.5)

Integrating over the height, from i=1 to i=n, it follows that:

€
Pnh

g z n p tot
⋅∫
⋅dz
R z1 T Virt

∫ dp h = −

P1h

(7.6)

Solving the integral on the left hand side of the equation 7.6 and discretizing the integral
on the right hand side:
€
tot

pnh

−

p1h

g i=n p
≈ − ⋅ ∑ Virt ⋅ Δz i
R i=1T

(7.7)

where the Total Pressure and the Virtual Temperature are averaged over the given altitude
intervals provided
€ in the aLMo data.

( p1tot − pntot ) = ( p1h + p1n−h ) − ( pnh + pnn−h ) or

(7.8)

( p1tot − pntot ) = ( p1h − pnh ) + ( p1n−h − pnn−h )

€

n−h

Assuming that the pressure at the highest point available in the model data pn ≈ 0
€ zero, it is finally possible to compute the non-hydrostatic surface pressure as:
approaches

p

where p

n−h

n−h

=

p1n−h

=

(

p1tot

−

pntot

)

g i=n piTot €
− ⋅ ∑ Virt ⋅ Δz i
R i=1Ti

(7.9)

is the non-hydrostatic component of the total surface pressure.

€

€

Using this procedure I have computed the pressure deviation from hydrostatic equilibrium
from the aLMo data.
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Comparing the estimates from aLMo with those from the proposed non-hydrostatic
model, a general lack of agreement between the two can be observed, as shown in figure
7.1.

Numerical model
aLMo

Non-Hydrostatic
Theoretical model

Figure 7.1: Comparison between the pressure deviation from hydrostatic equilibrium estimated
using aLMo data (blue diamonds) and using the proposed non-hydrostatic correction (red circles).
These results are relevant to data acquired during days with high winds incoming from the
Southeast direction on Jungfraujoch in December 2001.

In this section a possible explanation for the fact that aLMo non-hydrostatic numerical
model does not show variations of pressure deviation with wind speed is provided.
If the horizontal grid size of a numerical weather model is larger than around 10 km, it is
reasonable to use the hydrostatic approximation. With this approximation, the vertical
acceleration is neglected when compared with gravitational acceleration. The models that
use this approximation are known as hydrostatic models. However, when representing
smaller-scale phenomena, a finer grid size is needed, the hydrostatic approximation
cannot be used, and it is necessary to adopt non-hydrostatic models. The orographic
influences are particularly strong in certain areas and non-hydrostatic models tend to
resolve the orographic effects reasonably well, provided they work at sufficient grid
resolution.
Even though aLMo is a high accuracy non-hydrostatic model, because of its 7 km
horizontal grid, it does not have fine enough resolution to capture the smaller scale
orographic phenomenon related to Jungfraujoch, a pass of half-width L=1.650 km. In this
case, the smoothing applied by the 7 km horizontal resolution grid effectively removes
the topography needed to generate the non-hydrostatic effect due to orographic uplift.
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As such it is not surprising that aLMo shows relatively little non-hydrostatic pressure
deviations, even at high wind speeds. Indeed, given the inability of even relatively highresolution numerical models to capture these non-hydrostatic effects indicates that only
through theoretical models like the one developed here will it be possible to prescribe the
necessary corrections in order to obtain necessary accuracy of IWV.

7.1.2: Conclusions from Validation using aLMo
Until more accurate non-hydrostatic numerical models are available, it is necessary to use
approximate theoretical models, such as the one proposed in this thesis, for the estimate
of the pressure deviation from hydrostatic equilibrium and correction of the ZHD, ZWD,
and IWV.
When the ~2 km grid aLMo2 model becomes operational, it will be possible to use the
procedure presented in section 7.1.1 applied to the fine-grid aLMo2 data to extract the
pressure deviation on Jungfraujoch with the required accuracy, since the finer ~2 km grid
will likely be able to capture the small scale orographic wind phenomenon on
Jungfraujoch (L~1.165 km).
The development of a finer grid aLMo2 model has already started in 2005. The
motivation was to obtain automatic generation of local forecast products in a complex
Alpine topography. The new model will be used for general forecast and for security
purposes in Switzerland (e.g. disaster monitoring). It will also allow MeteoSwiss to
develop and maintain its key competence in Alpine meteorology.
The new aLMo2 model will use boundary conditions provided by the present aLMo
model. It will have a mesh size about 1/50°~2.2 km and a domain of 480 x 350 grid
points with 60 levels. In addition to the current forecast, it will produce 18 hours
forecasts, 8 times a day. It was pre-operational and tested by MeteoSwiss in 2007. It is
planned to be operational in 2008-2009.
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7.2 Validation using Microwave Radiometers
In order to validate the results of the proposed non-hydrostatic theoretical model it is
important to compare the theoretical estimates with “ground truth data”. Towards this end
in this section I compare the estimates of the Integrated Water Vapor derived from
Radiometric data with the estimates derived from GPS data (IWVGPS) with and without
non-hydrostatic correction.
For a clear statistical significance, these comparisons should be performed over a long
period of time and under a wide range of atmospheric conditions. However, there are no
long-term microwave radiometric observations of IWV available during winter months
on Jungfraujoch. Microwave Radiometer IWV measurements are usually limited to 1-2
week measurement campaigns for specific studies. Moreover, the high winds observed on
Jungfraujoch make it impossible to record reliable radiometric data with Microwave
radiometers.
On the other hand, the high altitude station on Jungfraujoch has a permanent radiometric
sensor that estimates the IWV very accurately (with an error ~ 0.001-0.1 mm): the Precise
Filter Radiometer (PFR). Unfortunately, the PFR acquires data only in direct sunlight,
when IWV is usually lower than during overcast weather conditions, and only with low
wind, when the proposed non-hydrostatic model has the least impact on the estimates.
Given the sever weather often observed on Jungfraujoch, these limitations translate in a
very limited set of PFR data available for comparison, especially in winter.
In the following section I show a few sets of data from the PFR acquired between 20002004 during days in which wind speeds between 11 m/s and 14 m/s where recorded,
when mild non-hydrostatic conditions might take place on Jungfraujoch. A comparison is
shown between IWVPFR estimates and IWVGPS estimates with and without nonhydrostatic correction.

7.2.1 Comparison between PFR and GPS IWV
I have analyzed the data relevant to the IWVPFR and IWVGPS estimates during winter
months between 2001 and 2003. There are only a few instances when the data were
acquired during wind speeds > 13.0 m/s, high enough to provide a meaningful nonhydrostatic effect.
According to Morland et al. 2005 and 2006, the GPS observations at Jungfraujoch show
an unexplained constant dry bias of 1.32 mm compared to PFR. Because of the low
integrated water vapor amounts at this altitude, this led to unphysical, negative IWV
values being frequently reported in the estimates of IWV from GPS data. In Morland,
2006, the IWVGPS was compared with coincident hourly averaged IWVPFR data from
November 2000 to January 2004 (figure 7.2).
In Morland et al. 2006 the relationship between IWVGPS and IWVPFR in mm for 2269
coincident measurements was computed as:

IWVGPS = −1.32 + 0.99 ⋅ IWVPFR
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€

(7.10)

where the bias is –1.32 mm and the standard deviation of residuals is 0.99 mm. The
scatter plot relevant to this study is shown in figure 7.2

Figure 7.2: Comparison of coincident hourly averaged IWVPFR and IWVGPS data from November
2000 to January 2004. The dashed line shows the 1:1 relationship and the solid line shows the
best linear fit to the data (Morland et al., 2006).

This trend was also observed during a previous study (Guerova et al, 2003) and attributed
to incorrect modeling of the GPS antenna, which has a heated radome to prevent snow
and ice gathering on it. In view of the problem with the antenna at Jungfraujoch, a
correction was made to the antenna phase center used in the ZTD processing (Haefele et
al., 2004). Analysis of this alternative data set found that it had a positive bias of 1.6 mm
relative to the PFR data set (Morland et al., 2006).
The non-hydrostatic correction proposed in this thesis cannot explain the large systematic
negative bias (-1.32 mm) of figure 7.2, but might partially explain the scattered difference
between PFR and GPS.
Within the data kindly provided by Dr. Morland—over four years of measurements from
2001 to 2004—I could only find a few data sets relevant to observations acquired during
days with higher winds (13.0 m/s -14.0 m/s) when mild non-hydrostatic condition might
occur.
The proposed non-hydrostatic correction to improve the accuracy of the IWVGPS
measurements on Jungfraujoch is usually between ~0.5 mm and ~1.5 mm for winds
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speeds between 13 m/s and 23 m/s, respectively, and can be up to several millimeters for
higher winds. The study of section 6.3 relevant to the statistical occurrence of high wind
speeds on Jungfraujoch, between 2001 and 2004, suggested that winds between 10 m/s
and 25 m/s take place about 28% of the time. Higher wind speeds, causing a few
millimeters IWV non-hydrostatic error occur only 1.1 % of the time.
In figure 7.3 a small set of processed data, relative to February 25, 2003, from 9:00 am to
1:00 pm, is shown for validation purposes. The plot shows a comparison between the
estimates of the Integrated Water Vapor (in mm) provided by the Precise Filter
Radiometer (green circles) and by GPS measurements (blue diamonds). The corrected
IWVGPS estimates according to Morland et al., 2006 are denoted with blue squares, where
a +1.32 mm bias is added (according to formula 7.10). Finally, the IWVGPS estimates
obtained introducing the non-hydrostatic equilibrium correction, are shown as red stars.

Figure 7.3: Comparison between the estimates of the Integrated Water Vapor (in mm) from the
Precise Filter Radiometer (IWVPRF) – green circles - and from GPS measurements (IWVGPS) –
blue diamonds. According to Morland, 2006, the whole set of GPS measurements (from 2000 to
2003) shows an “unphysical” negative value of integrated water vapor: the GPS IWV estimates
have a systematic negative bias = -1.32 mm with respect to the PFR data. The corrected GPS
IWV estimates according Morland are denoted with blue squares. Finally, the GPS IWV estimates
obtained introducing the non-hydrostatic equilibrium correction, are shown as red stars.

From figure 7.3 it emerges that the non-hydrostatic correction appears to improve the
accuracy of the IWVGPS for 3 of the 5 measurements. In the two cases in which the nonhydrostatic correction does not improve the accuracy, the GPS measurements have very
large negative values: -1.56 mm at 11:00 am and –2.04 mm at 1:00 pm. These values
cannot be physically explained, and might suggest unreliable measurements due to the
antenna phase center instability. In other words, when the negative bias in the GPS
measurements is larger than the 1.32 mm correction, as at 11:00 am and at 1:00 pm the
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IWV estimates are unphysically negative and therefore not meaningful.
On February 25, 2003 the wind speed measured on Jungfraujoch according to ANETZ
data shown in figure 7.3 were as follows:
February 25, 2003, 8:40 am
February 25, 2003, 9:40 am
February 25, 2003, 10:40 am
February 25, 2003, 11:40 am
February 25, 2003, 12:40 am

U=13.8 m/s
U=13.0 m/s
U=13.6 m/s
U=14.0 m/s
U=13.5 m/s

The corrections introduced to the GPS IWV estimates due to non-hydrostatic effects at
the given wind speeds (from ANETZ) and atmospheric stability (from aLMo) are,
therefore, quite small, of about ~0.5 mm.
In figure 7.4 a second set of data is shown, relevant to January 2, 2002, where a different
trend can be observed.

Figure 7.4: Comparison between the estimates of the Integrated Water Vapor (in mm) from the
Precise Filter Radiometer (IWVPRF) – green circles - and from GPS measurements (IWVGPS) –
blue diamonds: January 2, 2002.

For two data points (at 11:00 am and 12:00 noon) the original IWVGPS estimates are
positive and close to the accurate IWVPFR estimates. Introducing the correction by
Morland (7.10) a too strong positive bias is produced in the GPS measurements,
increasing the error instead of reducing it.
In two cases the non-hydrostatic model seems to improve the accuracy of the estimate.
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On January 2, 2002 the wind speed measured on Jungfraujoch according to ANETZ data
shown in figure 7.4 were as follows:
January 2, 2002, 8:40 am
January 2, 2002, 9:40 am
January 2, 2002, 10:40 am
January 2, 2002, 11:40 am
January 2, 2002, 12:40 am

U=14.1 m/s
U=13.8 m/s
U=12.6 m/s
U=12.2 m/s
U=11.5 m/s

In figure 7.5 another example is shown that confirms the previous observations.

Figure 7.5: Comparison between the estimates of the Integrated Water Vapor (in mm) from the
Precise Filter Radiometer (IWVPRF) – green circles - and from GPS measurements (IWVGPS) –
blue diamonds, acquired on January 14, 2002.

For two data points (at 9:00 am and 10:00 am) the original IWVGPS estimates have a
strong negative bias. The introduction of the correction by Morland (7.10) is not enough
to obtain positive IWVGPS estimates (unphysical values). For the remaining data points
the non-hydrostatic correction show an improvement of the IWVGPS estimates for three
data points, and degradation (rater than improvement) for one point.
On January 14, 2002 the wind speed measured on Jungfraujoch according to ANETZ data
shown in figure 7.4 were as follows:
January 14, 2002, 8:40 am
January 14, 2002, 9:40 am
January 14, 2002, 10:40 am
January 14, 2002, 11:40 am
January 14, 2002, 12:40 am
January 14, 2002, 13:40 am

U=13.5 m/s
U=12.8 m/s
U=13.0 m/s
U=12.6 m/s
U=12.4 m/s
U=11.3 m/s
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Because of the limited number of data points and the relevance of the unknown
systematic error, further validations are necessary (especially with data acquired during
higher wind days) to obtain a reliable and statistically significant data set.

7.2.2: Conclusions from Validation using PFR Data
A low-pressure front on a narrow mountain can be associated with very strong winds and
orographic up-lift. This lift generally produces cloud cover through adiabatic cooling
when the air becomes saturated as it rises. Thus, low pressure typically brings cloudy or
overcast skies. This occurrence causes the PFR measurements to be very limited on
Jungfraujoch, in particular during non-hydrostatic wave regime, since the radiometric
measurements can be acquired only in clear skies and low winds. For this reason it is
extremely important to develop an alternative high accuracy IWV estimation method for
windy and overcast mountains.
Unfortunately, a careful analysis of the present IWVGPS data suggests the need for a
modification of the GPS antenna/receiver system at the JUJO GPS station. From the
literature it emerged that the GPS data on Jungfraujoch have a systematic bias (~ 1 mm –
2 mm), probably due to problems related to the GPS receiving antenna at JUJO, seriously
compromising the reliability of the IWVGPS measurements.
In conclusion, the comparison shown in this section for validation purposes cannot be
considered conclusive for the following reasons:
1. Problem with the GPS antenna: The large systematic errors (~ -1 mm - 2 mm) in the
IWVGPS estimates, likely to be due to the antenna phase center variation on JUJO, cause a
negative bias that results in un-physical negative IWV values. Before introducing a nonhydrostatic correction it is necessary to compensate for the large systematic antenna bias
that is about 3 times larger than:
• the value of the IWV itself at high altitude stations, which can be as small as 0.2-0.5
mm on Jungfraujoch
• the non-hydrostatic correction during the low winds days available from the PRF
data (< 10-14 m/s).
The correction suggested in Morland 2006 (formula 7.10) has a statistical significance,
but cannot be used to correct a single IWVGPS estimate. Indeed, it is feasible that the
Phase Center Variation in the time range 2000 – 2004 was not constant, but varied with
seasons, temperature, and snow accumulation on the antenna radome.
2. Limits of the PFR sensor: The PFR can acquire data only in direct sunlight and in low
wind conditions. Therefore, the comparisons could be performed only for PFR data
relevant to days of maximum wind speeds between 13 m/s and 14 m/s, when the
correction due to non-hydrostatic effects is small (~ 0.5 mm) and it is of the order of
magnitude of the IWVGPS measurements themselves on Jungfraujoch and the noise in the
IWVGPS measurements during proper GPS antenna operation (without phase center error
bias).
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Due to antenna errors likely related to antenna phase center variations and accumulation
of snow on the radome, and due to the limited radiometric data available in nonhydrostatic conditions on Jungfraujoch, I was not able to properly validate the model.
However, the fact that GPS can operate during high winds and overcast conditions
highlights the value of using IWV estimates from GPS on high altitude stations for
weather and climate studies.

7.3 Validation using Atmospheric Data Analysis
Because it is impossible to validate the model using available IWV data (from PFR) or
pressure deviation estimates from non-hydrostatic numerical models (from aLMo), it was
considered sensible to perform a careful analysis of the atmospheric data itself (from
ANETZ) to confirm dependence between pressure and wind speed according to the
orographic uplift on Jungfraujoch during windy days. To this purpose, to be sure to
capture the occurrence of non-hydrostatic wave regime, I selected a very windy month to
carry out the data analysis in this section: March 2002 (see figure 7.6, and Table 6.1,
section 6.3).

Figure 7.6: Wind Speed recorded in March 2002 by the ANETZ station on Jungfraujoch. For each
day twenty-four data samples were acquired, one every hour, from 0:40 of March 1, 2002 to
23:40 of March 31, 2002.

In March 2002, 769 wind speed measurements were acquired. The wind speed intensity
was distributed as follows:
U= 0.0-10.0 m/s
U=10.0-30.0 m/s
U=30.0-40.0 m/s

for 369 samples
for 363 samples
for 37 samples

48% of the data
47% of the data
5% of the data
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7.3.1 Non-Hydrostatic Relation between Pressure and Wind
The surface pressure and wind speed measured at the ANETZ station on Jungfraujoch in
March 2002 are plotted as function of time in figures 7.7 and 7.8, respectively.

Figure 7.7: Pressure measured at the ANETZ station on Jungfraujoch in March 2002. The
pressure is in millibars and the time is in hours counted from 0:40 on March 1, 2002 to 23:40 on
March 31, 2002.

Figure 7.8: Wind speed measured at the ANETZ station on Jungfraujoch in March 2002. The
wind speed is in meters per second and the time is in hours counted from 0:40 on March 1, 2002
to 23:40 on March 31, 2002.
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To identify a possible non-hydrostatic wave regime, in figure 7.9 a plot is shown of the
pressure versus wind speed. As expected, in general, there is not a direct dependence
between pressure and wind, since a low/high pressure front is due to multiple possible
atmospheric phenomena.

Figure 7.9: Plot of the pressure on Jungfraujoch as function of wind speed in March 2002. There
is not a clear dependence evident from the plot. However, some differences can be observed for
wind speeds above 15-20 m/s.

In the plot a clear lack of dependence is evident for lower wind speeds, under ~17 m/s.
However, for higher wind speeds the plot seems to have two different behaviors: one
resembling non-hydrostatic effects (pressure decrease for increasing wind speed) and
another showing an opposite trend.
It is clear that high winds do not necessarily mean non-hydrostatic conditions. However,
is there in the data set a subset of data for which the non-hydrostatic condition might have
taken place? To answer this question I considered a smaller set of data containing the
highest wind speeds incoming from the Southeast direction. The data set of figure 7.10
extends approximately from the 400 to 600 hour time-period, relevant to the data of
March 19, 20, 21, and 22 (see figure 7.8). In the data set of figure 7.10 the wind speed is
especially high, up to ~37 m/s and the wind speed is incoming from the Southeast
direction (Aletsch Glacier). For this data set there is a clear monotonic dependence of the
pressure with wind speed, and the pressure decreases of about 2 mbar per 5 m/s wind
speed increase. This suggests that a non-hydrostatic equilibrium wave regime might be in
place during at least four days in March.
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Figure 7.10: Pressure on Jungfraujoch as function of wind speed for a smaller set of data than
figure 7.9: this subset is relevant to March 19, 20, 21, and 22. In this data set the wind speed is
especially high, up to ~37 m/s and the wind speed is incoming from the Southeast direction
(Aletsch Glacier). There is a clear monotonic dependence of the pressure with wind speed, and
the pressure decreases of about 2 mbar per 5 m/s wind speed increase.

In order to validate this assumption, I considered three low altitude stations close enough
to Jungfraujoch to witness the same weather, but far enough to not be affected by the nonhydrostatic effects. The stations are (figure 7.11): Stabio (STAB), Locarno-Monti
(LOMO), and Bern-Liebefeld, (BER) near ZIMM (This station was replaced in 2006 with
Bern/Zollikofen).

Figure 7.11: ANETZ atmospheric stations network (See Appendix A).
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The pressure measured on each of these stations in March 2002 is shown in figure 7.12.

Figure 7.12: Pressure measured on three ANETZ stations in March 2002: Stabio (STAB),
Locarno-Monti (LOMO), and Bern-Liebefeld (see figure 7.12 for stations location with respect to
Jungfraujoch (JUJO)). The pressure is in mbar and the time is in hours counted from 0:40 on
March 1, 2002 to 23:40 on March 31, 2002.

To be sure that the monotonic pattern of figure 7.10 is indeed due to non-hydrostatic
effects, I carried out the difference between the pressure on these reference stations (at
lower, altitude, and, therefore, experiencing higher pressure) and the pressure measured
on Jungfraujoch. This difference should provide information about local effects on
Jungfraujoch only, since the pressure difference due to altitude effects should otherwise
be almost constant.
The pressure difference for the month of March between Stabio and Jungfraujoch is
shown in figure 7.13. The pressure difference between Locarno-Monti and Jungfraujoch
is shown in figure 7.15.
Reducing the data set to March 19, 20, 21, and 22, when high winds seem to cause nonhydrostatic conditions, the plots (figure 7.14 and 7.16) show a monotonic increasing
pattern that confirms the pressure decrease on Jungfraujoch for high winds on these days.
This quite interesting result suggests that at least for a subset of data the non-hydrostatic
correction might indeed be appropriate. In the next section a comparison between the
observed data and the modeled pressure deviation will be carried out to have a sense of
the accuracy of the non-hydrostatic model.
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Figure 7.13: Pressure difference between the pressure at the station on Stabio and the pressure on
Jungfraujoch. The station Stabio is close enough to JUJO to have similar atmospheric conditions,
and is a low altitude station that can be used as a reference.

Figure 7.14: Pressure difference of figure 7.13 for a smaller data set, from 400 hour to 600 hour,
acquired during very high wind speeds. The difference increases with wind speed, which suggests
that the pressure on JUJO decreases relative to Stabio as wind speed increases.
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Figure 7.15: Difference between the pressure at the station on Locarno-Monti and the pressure on
Jungfraujoch. The Locarno-Monti station is close enough to JUJO to have similar atmospheric
conditions, and is a low altitude station that can be used as a reference.

Figure 7.16: Pressure difference of figure 7.15 for a smaller data set, from 400 hour to 600 hour,
acquired during very high wind speeds. The difference increases with wind speed, which suggests
that the pressure on JUJO decreases relative to Locarno as wind speeds increase
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7.3.2 Polynomial Fit and Model Comparison
To compare the observed non-hydrostatic effects on Jungfraujoch from ANETZ with the
estimated pressure deviation from the proposed model, I carried out a linear (figure 7.17)
and a polynomial fit (figure 7.19).

Figure 7.17: Pressure versus wind speed for the smaller data set (.), and best linear fit (*).

From the plot is can be observed that for
U~ 15 m/s
U~ 20 m/s
U~ 25 m/s
U~ 30 m/s
U~ 32 m/s

PJUJO ~ 659.0 mbar
PJUJO ~ 656.5 mbar
PJUJO ~ 654.2 mbar
PJUJO ~ 652.1 mbar
PJUJO ~ 649.9 mbar

The pressure decreases approximately ~ -2 mbar per 5 m/s.
To validate the proposed non-hydrostatic theoretical model, I compare figure 7.17 with
the pressure deviation from hydrostatic equilibrium derived from the theoretical model, as
shown in figure 7.18.
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Figure 7.18: Pressure versus wind speed for the smaller data set (.), and best linear fit (*). The red
circles (o) represent the non-hydrostatic correction model.

From this plot it emerges that the theoretical model is in good agreement with the
observed data for wind speeds under ~30 m/s. In this estimation I have omitted the
information about the actual values of the atmospheric stability, N, which cause
deviations from the estimated values (red circles) here obtained assuming a constant
N=0.010 s-1 (see figure 6.19).
For wind speeds over 30 m/s the theoretical model overestimates the pressure decrease
due to the non-hydrostatic equilibrium phenomena. As matter of fact, according to figures
6.7 - 6.10 of chapter 6, the non-hydrostatic wave regime occurs on Jungfraujoch only for
wind speeds between 10.6 m/s and 30.8 m/s for atmospheric conditions ranging from
unstable to stable, respectively. Therefore, for wind speeds over 30.8 m/s the theoretical
model cannot be applied with sufficient accuracy, as already discussed in chapter 6.
The same processing was carried out using a polynomial fit, rather than linear fit. The
correspondent results are shown in figures 7.19 and 7.20
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Figure 7.19: Pressure versus wind speed for the smaller data set (.) and best polynomial fit (*).

Figure 7.20: Pressure versus wind speed for the smaller data set (.), and best polynomial fit (*).
The red circles (o) represent the non-hydrostatic correction model.

The RMSE of the non-hydrostatic corrections (including the estimate of N from aLMo)
for the Integrated Water Vapor (expressed in millimeters) and the Pressure deviation from
hydrostatic equilibrium are presented in table 7.1.
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Table 7.1: RMSE for the non-hydrostatic corrections introduced to estimate the Integrated Water
Vapor and Pressure deviation from hydrostatic equilibrium on Jungfraujoch.

From table 7.1 it follows that the RMSE of the estimate of the non-hydrostatic correction
for the precipitable water is 0.54 mm when N (related to the stability of the atmosphere)
is computed using aLMo data. Therefore, for winds of 10-15 m/s, the correction is of the
same order of magnitude of the RMSE. However, for winds in excess of 15 m/s the nonhydrostatic correction is between 1.0 mm and 2.4 mm (more than double the RMSE).
Analogously, the pressure deviation from hydrostatic equilibrium can be estimated
accurately only for wind speeds over 15 m/s.

7.3.3 Conclusions from Data Analysis
In conclusion, this study shows that the proposed non-hydrostatic model is in good
agreement with the actual pressure deviation observed on Jungfraujoch during very high
winds when non-hydrostatic conditions are expected.
In this thesis the proposed non-hydrostatic correction is applied to a restricted range of
atmospheric conditions and topographic features. While high winds alone cannot ensure
the non-hydrostatic wave regime, this condition is more likely to occur during high
winds. Therefore, in this section (7.3) a small subset of the data was selected for this
analysis, in order to be sure to capture the non-hydrostatic conditions occurring on
Jungfraujoch. The non-hydrostatic wave regime condition (L~U/N) on Jungraujoch
(L=1.650), takes place for wind speeds between ~11 m/s and 31 m/s, for atmospheric
conditions from less stable (lower N) to more stable (higher N). (See section 6.2, chapter
6 for the details on the non-hydrostatic wave regime conditions on Jungfraujoch).
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Figure 7.9 shows 33 days of pressure measurements on Jungfraujoch. As expected, the
data do not show a consistent pattern or monotonic relation between pressure and wind.
However, if from these data we extract a smaller subsection, consisting of about 8
continuous days of observations (figure 7.10) during very high wind conditions, a clear
monotonic relation between wind and pressure can be observed, confirming the
occurrence of non-hydrostatic equilibrium (an increase of wind is associated with a
decrease of pressure). This result supports the hypothesis of orographic uplift on
Jungfraujoch and validates the non-hydrostatic model introduced in this thesis.
In conclusion, even though the proposed correction related to orographic winds can be
applied only to a limited range of atmospheric conditions and only for narrow mountains,
because of the lack of alternative reliable IWV measurements at high-altitude stations
during severe weather, this method represents an important contribution to the field of
GPS meteorology. It enhances the applicability and usefulness of GPS IWV estimates in
atmospheric sciences, for weather and global climate change studies on high altitude
stations and in particular on Jungfraujoch.
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8. Antenna Effects on GPS/GNSS
Accuracy
8.1 Introduction
Recent studies relevant to the GPS station on Jungfraujoch suggest that the receiving
antenna presently used on JUJO produces considerable errors in the GPS measurements
(Guerova et al., 2003; Morland et al., 2006; Haefele et al., 2004). Radome effects and
phase center variations are some of the reasons for these errors suggested in literature.
The systematic errors introduced by the GPS antenna on Jungfraujoch in the estimates of
the IWV have been evaluated on the order of 1-2 mm.
In the first part of this thesis I have shown that during very windy days the wind speed
was between 10 m/s and 30 m/s up to 47% of the time. According to the estimates form
the non-hydrostatic model implemented in chapter 6, section 6.4, this translates into an
error in GPS IWV estimates between ~0.5 mm and ~1.6 mm. However, from continuous
wind observations in winter months, from December 2001 to March 2005, it emerges that
that the wind was between 10 m/s and 15 m/s only for 20% of the measurements, with
errors in estimates of the IWV due to non-hydrostatic conditions between 0.5 mm and 0.8
mm. Only for less than 10% of the estimates of IWV from GPS measurements the error
due to non-hydrostatic equilibrium was estimated to be more than 1.0 mm. For 70 % of
the total GPS measurements over the 5 years analyzed, the error due to non-hydrostatic
conditions was negligible. The remaining 20% of IWV estimates had a non-hydrostatic
error between 0.5 and 1.0 mm.
Even if only during high wind conditions (~ 30% of the measurements), the nonhydrostatic correction should always be included on high altitude atmospheric weather
stations, where it is particularly critical to obtain accurate the estimates of IWV even (or
especially) during severe weather. Since radiometric measurements of IWV cannot be
acquired in windy overcast days, it is extremely important to be able to relay on accurate
estimates of IVW from GPS measurements.
The GPS receiving antenna used on JUJO causes systematic errors between 1.0 mm and
2.0 mm, of the order of magnitude or often even larger than the actual IWV “ground
truth” measurements. This is because at high altitude GPS stations the IWV can be as low
as 0.2 mm - 0.5 mm. Therefore, to achieve meaningful IWV estimates for atmospheric
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science studies, the GPS IWV estimates need to be obtained with sub-millimeter accuracy
al all times.
From this prospective it is evident that a first error mitigation should be achieved through
proper GPS receiving antenna design before correcting for smaller order errors such as
the ones produced by non-hydrostatic conditions and orographic wind.
Although this is particularly true for the GPS station on Jungfraujoch, an improved
antenna design will benefit any geodetic permanent station. This is the reason why in the
second part of this thesis I have focused on the enhancement of the receiving antenna
design, also in view of the advantages of using future GNSS Satellite Systems.
The major error contributions to GPS accuracy degradation due to the GPS receiving
antenna can be summarized in three main categories (Kaplan et al., 2006):
1. Multipath interference
2. Antenna Phase Center dynamics
3. Radome effects and, especially, water and snow accumulation over the radome
Properly improving the antenna design in terms of multipath mitigation, phase center
stability, and radome enhancement, will certainly contribute to getting closer to the
desired sub-millimeter accuracy required for IWV estimates on Jungfraujoch.
Further accuracy improvement can be obtained by using additional satellites and signals.
With the future introduction of Modernized GPS and GALILEO (Global Navigation
Satellite System - GNSS) by year 2012, several more frequencies and signals will be
available (Hoffman-Wellenhoff et al., 2008).
According to information on frequency allocations available to date, Modernized GPS
will provide L1, L2, and an additional third frequency, L5=1176.45 MHz, with 20 MHz
bandwidth. GALILEO will feature 5 frequencies: E1=1589.742 MHz (4 MHz
bandwidth), E2=1561.098 MHz (4 MHz bandwidth), E5a=1176.45 MHz (=L5),
E5b=1207.14 MHz (with 24 MHz bandwidth for the whole E5), and E6=1278.75 MHz
(40 MHz bandwidth). Therefore, future GNSS (Global Navigation Satellite Systems) high
accuracy antennas will need to receive L-band signals within a large band, between 1.15
GHz and 1.60 GHz. The present dual frequency choke ring design is inadequate for future
high accuracy applications.
Access to these additional satellite signals from multiple GNSS systems will contribute to
the improvement of present high-accuracy GPS measurements and relevant IWV
estimates (Hofmann-Wellenhof, 2008; Schuler, 2007).
• Acquiring more satellites signals from different systems it is possible to improve
GPS performance by allowing optimization of the satellite geometry: the selection
of a subset of available signals reduces the dilution of precision (DOP) factor.
• The use of multiple frequencies allows carrier phase integer ambiguity resolution
and achieving over-determined solutions. The ambiguity resolution improves for a
triple versus dual frequency solution, but even better results can be obtained using
Modernized GPS + Galileo.
• The power of GALILEO signals will be greater by a factor of 2, causing reduction
of tracking noise for both phase and code ranges.
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•
•

GNSS will involve less tracking and multipath noise thanks to the new signal
modulation.
Multipath performance of Galileo BPSK(10) code is identical to the performance
of the GPS P-code, which is not available for civilian geodetic receivers. This
code is superior to the GPS C/A code presently used in geodesy.

Therefore, the use of future GNSS on Jungfraujoch will allow improved GPS data
acquisition especially in the presence of traveling ionospheric disturbances that produce
fast spatial fluctuations causing dense increase or decrease of signal propagation delays in
the atmosphere.
Because of the performance improvements that a new GNSS antenna will provide to the
measurements acquired by the GPS station on Jungfraujoch, in this second part of the
thesis I focus on the development of a new GPS antenna and ground plane able to receive
future Modernized GPS and GALILEO signals with minimal multipath interference in the
whole bandwidth between 1.15 GHz and 1.60 GHz required by future GNSS.
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8.2 Source of Error Due to GPS Receiving
Antenna
8.2.1 Multipath Interference and GPS
A major source of error in high-accuracy GPS is the interference of multiple reflections
with the direct GPS signal, known as mulitpath (figure 8.1). This phenomenon is caused
by the interference of multiple reflections from objects nearby the receiving GPS antenna
with the direct EM signal transmitted by the satellite and received by the GPS user.
Multipath represents a considerable source of error in the GPS carrier phase observations.
(Parkinson et al., 1999; Kaplan et al. 2007).

Figure 8.1: Multiple reflections from objects located nearby the GPS receiving antenna: buildings,
trees and other metal structures might cause serious degradations of the GPS measurements.

The level and characteristics of the noise deriving from multipath depends upon the
geometry of the surrounding of the receiving antenna (i.e. presence of buildings, trees,
towers, and the mount itself), the reflectivity of the reflectors as function of the materials
(e.g. metal and water are strong reflectors of EM waves), the elevation angle of the
satellite at the time of acquisition, and other parameters which might sensibly change
with weather conditions and time. (Elosegui, 1995). Due to the variability of the
parameters involved, it is very difficult or even impossible to accurately predict multipath
with sufficient accuracy using a deterministic approach.
In the formulas in (8.1) the signal received by the GPS antenna is expressed as the phasor
sum of the direct signal and the multipath signal:
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Ad = Ad ⋅ e iφ d
Am = Am ⋅ e iφ m = Am ⋅ e i(φ d + β ) = Am ⋅ e (

i φ d + ( f m ⋅ t ))

(8.1)

Ad = Ac ⋅ e iφ c = Ac ⋅ e i(φ d +δΦ)
Ad is the direct signal from the GPS satellite, Am is the undesired multipath signal from a
single reflector nearby the antenna, and Ac is the total (composite) received signal by the
user GPS
€antenna, containing a phase error δΦ variable with time.
Figure 8.2 describe a phasor diagram of the phase error δΦ as function of the direct signal
from the satellite, a single multipath signal, and the total received signal.

Figure 8.2: Phasor diagram of the GPS signal and multipath. δΦ is the multipath phase error in
presence of a single reflector. It depends on amplitude and phase of the multipath phasor.

Because β changes with time as a function of the multipath frequency, the multipath
phasor spins around the tip of the direct signal, producing positive and negative values of
the phase error δΦ of formula 8.2.

 R ⋅ sin β 
δΦ = tan−1

1+ R ⋅ cos β 

(8.2)

where R is the reflection coefficient of a single multipath source.
A variety of techniques€ (e.g. the narrow correlator spacing, multipath estimating delay
lock loop, and strobe techniques) have been developed to mitigate multipath errors. For
long delay multipath, the receiver itself can recognize the delayed (reflected) GPS signal
and discard it. However, shorter delay multipath from signals reflected by the ground or
other nearby reflectors is harder to filter because it interferes with the direct GPS signal,
causing effects almost indistinguishable from routine fluctuations in atmospheric delay.
For observations made over 24 hours, multipath effects can sometimes be removed in
post processing by averaging for networks of GPS reference stations (Wanninger and
May, 2000).
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However, for time dependent measurements performed over few seconds (quasi-realtime) or in real-time (i.e. without post processing), an effective way to eliminate short
delay multipath is to reject multiple reflections at reception using a low-multipath
receiving antenna. One possible design solution is a GPS receiving antenna equipped with
a ground plane designed to eliminate or reduce the effects of multiple reflections from the
ground or nearby objects (e.g. tress, buildings, or metal structures). Alternative
methodologies for the mitigation of multipath at reception include the design of GPS
antenna arrays (Counselman, 1999; Dinius, 1995).
GPS choke ring antennas are the state-of-the-art low-multipath antennas and they are
used for GPS geodetic permanent networks employed in geodynamic studies (Tranquilla,
1994). These antennas are presently used for narrow band (24 MHz) dual-frequency
operation and, in particular, work better at L2=1227.60 MHz than at L1=1575.42 MHz.
However, choke ring antennas still have unsurpassed performance and they have been the
multipath mitigation antennas of choice for dual frequency GPS geodetic applications for
over 20 years. Choke ring antennas will be analyzed in detail in chapter 9 and 10.

8.2.2 GPS Antenna Phase Center Variation
A GPS receiving antenna is a transducer designed to convert the GPS electromagnetic
signals in electrical currents processed through the GPS receiver. The GPS receiver
computes the coordinates of the antenna at its electrical phase center.
The phase center of an antenna is the local center of curvature of the far-field phase front.
In other words, it is the center of a sphere that is tangent to the far field phase front for a
given observation angle. For a real antenna the center of curvature might vary with
elevation angle, azimuth angle, and even with the frequency of resonance. Therefore, for
each carrier phase a different antenna phase center needs to be identified separately.
Accurately determining the position of the antenna phase center is very important, since
the phase center can be imagined as the apparent source point of electromagnetic
radiation for a transmitting antenna or (which is the same for the reciprocity theorem) as
the effective collecting point of the radiation for a receiving antenna, i.e. the point to
which the GPS receiver phase measurements refer to.
For a simple dipole antenna without ground plane, the phase front is angle–independent
and frequency-independent. The phase center coincides with the physical center of the
antenna. For a dipole (and any other antenna) with an infinite reflector (ground plane) the
phase center is the center of the ground plane, for any frequency and for any dipole
height. It is located exactly in the middle between the dipole and its image. When the
ground plane is of finite size or just small, the phase center is expected to be located
somewhere between the ground plane and the dipole, since the effect of the ground plane
is less profound. It is also expected to have an angular dependence, especially at low
elevation angles.
Variations of the phase center contribute to the error in positioning for low noise carrierphase measurements performed in high accuracy GPS, such as geodetic and
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meteorological applications. Ignoring the phase center variations can lead to serious (up
to 10 cm) vertical errors. For high-accuracy applications, the antenna phase center
location and its variation need to be known to the millimeter level. Unfortunately, (as
already pointed out) the phase center varies with elevation angle, azimuth angle,
frequency of operation, and even with the intensity of the satellite signal. This means that
each incoming signal has its own electrical phase center (Hofmann-Wellenhof et al.,
2008).
Because the phase center is variable and it is not necessarily part of the antenna physical
structure, an actual point of the antenna geometry needs to be defined and is usually
called the Antenna Reference Point (ARP), as shown in figure 8.3. The ARP is the
intersection of the vertical antenna axis of symmetry with the bottom of the antenna. The
antenna Phase Center Offset, ρ PCO, is the vector between the ARP and the MPC.

Figure 8.3: Electrical Phase Center (EPC), Mean Phase Center (MPC), Phase Center Variation
(PCV), and Antenna Reference Point (ARP) for a classic Choke Ring GPS antenna.

The Antenna Phase Center Offset should be provided by the antenna manufacturer or
should be determined with calibration procedures. There is a deviation between the
Electrical Phase Center (EPC) of an individual measurement and the mean electrical
antenna Phase center (MPC): the combination of these variations is known as the Antenna
Phase Center Variation (PCV).
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The total antenna correction of the phase pseudorange due to PCO and OCV for an
individual phase measurement is the composition of the Antenna Phase Center Variation
Error, Δρ PCV, and the Antenna Phase Center Offset Error, Δρ PCO. Adding this correction,
the phase pseudoranges refer to the ARP.
Typically, dual frequency (L1 and L2) choke ring base station antennas maintain a stable
phase center that has less than 1 mm drift with elevation angle. It is suggested to
determine the best-fit phase sphere first by a least-mean square fit to the measure (or
calculated) hemispherical phase data. Then a local rms deviation from that value can be
estimated, giving the average error estimate. For a choke ring ground plane a rms phase
deviation of about 5 deg (approximately 3 mm at L1) is typical.
Because these small variations are difficult to eliminate with the hardware, it is necessary
to measure the phase center variations to calibrate the antenna in GPS baseline
determination, especially for those GPS applications requiring millimeter precision.
Methods used for calibrating antenna phase center include field measurements in relative
mode and observations in anechoic chamber, using a GPS signal simulator.

8.2.3 GPS Antenna Radome Effects
To protect a GPS receiving antenna from long-term damage due to the environment and
to preserve high accuracy, which is compromised by accumulation of water, ice, or snow
on the antenna ground plane, permanent geodetic GPS antennas are usually covered by
radomes.
A radome is a structural, weatherproof enclosure constructed of materials that minimally
attenuate the electromagnetic signal received by the GPS antenna, such as polycarbonate.
Radomes for GPS antennas can be constructed in several shapes, such as conical and
hemispherical: the latter have been demonstrated to introduce the least signal deformation
at reception.
Even though a radome should appear transparent to radio frequency so as not to degrade
the electrical performance of the enclosed antenna, in practice the presence of a radome
inevitably affects the antenna radiation pattern (figure 8.4). The received signal
degradation through a radome occurs mainly due to (Kozakoff, 1997; McMillan, 1998):
1. Scattering: Reflection from the surface of the radome
2. Absorption: Losses within the radome itself
3. Transmission: a) Distortion of the antenna pattern (e.g. side lobes degradation and
bore sight error) and b) de-polarization.
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Figure 8.4: Effects of the radome on the GPS signal reception. These effects include scattering
from the radome surface, losses within the radome, distortion of the output wavefront resulting in
degradation of the antenna pattern, and de-polarization.

A serious effect on the GPS signal reception is due to the accumulation of snow and
water over a radome (figure 8.5). This accumulation may last for days, weeks or months
on high altitude stations, and is reported to cause errors of the order of 0.4 m in the
estimates of the vertical site position (Webb et al. 1995; Jaldehag and Johansson, 1996).

Figure 8.5: Effect of snow accumulation on a radome.
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There is an un-modeled systematic effect at the centimeter level due to signal scattering
and propagation delay due to accumulated snow. This effect would explain the bias of
figure 7.2, opposite in sign than the non-hydrostatic effect (that causes a shorter signal
delay).

8.3 GPS/GNSS Antenna Requirements and
Specifications
GPS satellites transmit Right-Hand-Circular-Polarized (RHCP) electromagnetic signals to
allow discrimination between direct GPS signals (RHCP signal) and reflected/scattered
signals, which become mainly Left-Hand-Circular-Polarized (LHCP) signals after
bouncing off reflecting objects near the receiving antenna. This allows multipath
attenuation to be achieved by polarization discrimination. To achieve the required
positioning accuracy, ideally a GPS antenna should have a cross-polarization rejection
ratio (or polarization isolation) ≥ 15 dB for signals incoming at any positive elevation
angle (attenuation on the order of 10 dB is typical).
Because the antenna is required to receive signals from all the satellites of the
constellation in view at a given time for good positioning performance (including GPS
signals incoming from low elevation angles near the horizon), the antenna pattern needs
to be virtually hemispherical. However, to reject electromagnetic noise (multipath and
other interference such as jamming signals) mainly coming from low elevation angles, a
very sharp slope is desirable near the horizon. For this reason, a high accuracy antenna
should have a uniform antenna pattern from zenith (90° elevation angle) down to 5°
elevation angle, while it should reject all signals at negative or elevation angle lower than
5° for any azimuth angle. These are two very difficult requirements to achieve
simultaneously, and impose some engineering compromise within the design process.
Moreover, the back radiation needs to be less than -5 to -10 dB, in order to decrease the
effects of the reflections from the ground.
All the previous requirements are established mainly to achieve effective multipath
mitigation. However, for optimal GPS signal reception the antenna is required to have a
near hemispherical antenna radiation pattern for the upper hemisphere. The radiation
pattern variation over the main beam needs to be ≤ 6-8 dB to obtain good coverage of the
signals from GPS satellites. The group delay response should be nearly uniform for all
angles of incidence in most of the upper hemisphere to avoid timing errors. The antenna
also needs to have a very stable phase center for good positioning performance. Because
the signal received by the antenna is very weak, the antenna needs good impedance
matching. Finally, future GNSS will require operation in a wide bandwidth for reception
of Modernized GPS, GLONASS, Compass, and GALILEO.
All the specifications required for future high-accuracy GNSS antennas are summarized
in Table 8.1.
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Table 8.1: Specifications for High-Accuracy GNSS Antennas
List of Antenna Specifications

GPS Antenna Performance Required

FOR MULTIPATH MITIGATION
Antenna pattern (low elevation performance)
Front-to-Back Ratio
Polarization
Polarization Isolation
(Cross Polarization Rejection Ratio)

Slope at 0-5 deg ≥ 1 dB / 1 deg
≤ -5 to -10 dB
RHCP
≥ 15 dB
(at low elevation angle)

FOR OPTIMAL GPS SIGNAL RECEPTION
Near Hemispherical Pattern
Reception of Weak GPS Signals
Radiation Pattern Variation Over the Main Beam

Group Delay Response (for Timing)
Phase Center

Upper hemisphere
Good impedance matching
≤ 6-8 dB

Uniform for all angles
3mm RMS phase deviation at L1 [Error!
Bookmark not defined.]

Bandwidth of Operation

1.15 GHz ≤ f ≤1.60 GHz
L1, L2, L5, E1, E2, E5a, E5b, E6

Figure 8.6: Frequencies of operation for Modernized GPS, Galileo, and GLONASS.
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9. GPS Antenna Ground Planes
In this section I summarize the basic theory of metal corrugated surfaces as it relates to the
GPS choke ring ground plane design. Based on this theory, I will then introduce the new
wideband, shallower, low-multipath ground plane.

9.1 Plane Waves and Metal Corrugations of
Variable Depth
A planar corrugated surface of exactly resonant depth, d=λ/4, shown in Fig. 1 blocks the
propagation of an oblique plane wave whose wave vector is perpendicular to the corrugation
independently from the direction of the electric field. In order to demonstrate this property,
we compare the performance of a solid metal surface (Fig. 9.1a) with a corrugated metal
surface obtained combining multiple quarter-wave, parallel-plate resonators (Fig. 9.1b).
There are two types of TEM (Transverse Electro-Magnetic) plane waves, labeled as type I
and type II in Fig. 9.1 that could potentially propagate along both surfaces. Oblique plane
waves of type I are often designated as a TE (Transverse Electric) to z or, in short, TEz plane
waves. Similarly, the oblique plane waves of type II are the TM (Transverse Magnetic) to z
or TMz plane waves.

Figure 9.1. A corrugated surface on the base of quarter-wave resonators. TE is the Transverse
Electric wave, and TM is the Transverse Magnetic wave.
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The metal surface shorts out type I waves since Et=0, but still allows the propagation of type
II. Similarly, for a corrugated surface, the metal teeth require Et=0 at top and still short out
the type I very efficiently. At the same time, the waveguide openings require Hy=0 at their
top (according to the elementary theory of a quarter-wave resonator) and will short out the
signal II, for which it must be Hy≠0. Thus, neither type I waves nor type II waves can
propagate along the resonant corrugation. Such reasoning was used in a classic reference [i]
devoted to artificial soft and hard surfaces. One condition for it to be valid is the geometry
inequality (Kildal, 1990): g+t<λ/2, where g is the width of the trough and t is the width of the
tooth. This inequality implies that the parallel-plate waveguides cannot be very wide. The
definition of a soft surface given in (Kildal, 1990) implies that, for two plane waves
propagating along the corrugated surface and perpendicular to the corrugation, one has
boundary conditions in the form Ey(z)=0 and Hy(z)=0. These conditions are again equivalent
to shorting out type I waves and type II waves. Thus, a quarter wave corrugated surface is a
soft surface.
Since any oblique plane wave with wave vector perpendicular to the corrugations is a
combination of type I and II waves (TEz and TMz modes), we conclude that a planar
corrugated surface with corrugation depth d exactly quarter wavelength blocks out any
oblique plane wave whose wave vector is perpendicular to corrugation, independent of the
direction of the electric field. In that sense, it becomes a polarization-independent soft
surface (Kildal, 1990).
To extend this result to any corrugation depth, I formalize the problem as shown in Fig. 9.2:
the approach is to replace the entire corrugated surface with one boundary condition that
involves surface impedance.

Figure 9.2: Corrugated surface of arbitrary depth, corresponding boundary conditions, and
TM surface wave.
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The surface impedance relates the external fields Ex and Hy in the upper half space to each
other. The average surface impedance of metal corrugation ZS with infinitesimally small teeth
can be written in the form
(9.1)
where Z0=377Ω is the impedance of free space, k=2π/λ is the wave number, and d is the
corrugation depth, with
being zero for metal bottom corrugation, in which case one
has
. To account for finite, but a relatively small tooth width, t, one may
write (Balanis, 2005).
(9.2)
An oblique plane wave of type I or, which is the same, a TEz plane wave of Fig. 9.2, cannot
exist for the same reason as given above, for any corrugation depth. Nor can the oblique
plane wave of type II (or TMz), since it does not have a E-field component Ex in the
propagation direction, which is required by the corresponding boundary condition when the
surface impedance is different from zero.

9.2 Surface Wave Solution for Planar Metal
Corrugation
I now investigate the propagation of type III waves on the corrugated surface shown in Fig.
9.2. The potential solution has an E-field component in the direction of propagation and it is,
therefore, a TM to x wave, and simultaneously TM to z wave. Such a wave is expected to
decay far from the surface: this means that the solution is becoming a surface non-leaky
wave. The surface wave is created by any non-trivial value of the surface impedance, Zs. We
can express the boundary condition for this wave in the form
(9.3)
It is important to remember that Ex and Hy denote the field components of the external
surface wave field in the opening of the parallel plate resonator, not the inner field in the
resonators.
The parallel plate resonators have all been replaced by the corresponding boundary condition
on the top of corrugation. This is a reasonable approximation commonly used in practice. If
necessary, the exact mathematical analysis of the external field coupled to all modes in the
inner corrugation waveguide can be performed using the so-called space harmonic approach
(Kriegsmann, 1996) for a planar corrugation, or for a cylindrical corrugation (Clarricoats,
1984). Following Harrington (Harrington, 1961), a solution for the surface wave of type III
can be written in the form
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(9.4)

with an a priori unknown positive decay factor α. From Maxwell’s equations the curl of the
H field is related to the E field as:
(9.5)
That yields
(9.6)
The next step is to substitute Eq. (9.6) into the vector Helmholtz equations: either into
or into
. This gives us the dispersion relation in the form
(9.7)
The decay factor α is yet to be determined. To find α, we substitute the anticipated solution
(9.4) into the boundary condition (9.3) and use (9.6) to obtain
(9.8)
The result simplifies for
form

(metal corrugation with no bottom load) and takes the

(9.9)
where k is such as
. When the corrugation teeth are considered to be of finite
width, g, an approximate solution can be obtained using the average surface impedance Eq.
(9.2). It has the form (Harrington, 1961):
(9.10)

The propagation or phase speed of the surface wave thus becomes

.

Now I summarize the results for surface wave propagation on a planar corrugated surface in
the form of a chart that uses the corrugation depth d as a varying parameter.
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Case a). Zero corrugation depth,
. The decay factor α from Eq. (9.9) becomes zero
and the E-field component in the propagation direction given by Eq. (9.6) is also zero. The
surface wave transforms into a non-decaying plane wave of type II. The corrugated surface
becomes a solid metal surface.
Case b). Shallow corrugation depth, less than quarter wavelength,
or
. The decay factor α from Eq. (9.9) is positive. The slow surface wave can
propagate, with the propagation speed being less than speed of light in the medium, i.e.:
. In this case (the surface wave non-cutoff region), the
propagation speed depends on the corrugation depth. This property can be used as an
effective mechanism to control the surface wave propagation in the new non-cutoff ground
plane design described in this thesis. No other waves of type I or type II can propagate along
the shallow corrugated surface.
Case c). Medium corrugation depth, greater than or equal to quarter wavelength,
or
. The decay factor α from Eq. (9.9) is negative and the
decaying surface wave cannot exist. No type I or II or III waves can, therefore, propagate
along the surface. This case – the surface wave cutoff region – is often implemented in
practical applications such as GPS choke ring antennas.
Case d). Deep corrugation depths, greater than or equal to half wavelength,
or
. The process repeats periodically according to the sign of the tangent function, as in
case b) and case c).

9. 3 Kildal’s Correction for Concentric Metal
Corrugation
The corrugated surface in the form of a disk whose cross-section is shown in Fig. 9.3 may
require a certain correction to the cutoff frequency compared to the case of a planar
corrugation if the antenna height is significant (Kildal, 1990). First, the rings with smaller
radii correspond to a coaxial waveguide rather than to a parallel-plate waveguide. It becomes
apparent, from symmetry considerations that a TE11 to z mode is excited there, but not the
TEM coaxial mode.

Figure 9.3: Cross-section of a corrugated disk. The star schematically denotes the antenna feed.
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For the TE11 mode, the guide wave number is approximately equal to (Kildal, 1990; Pozar,
2005):
(9.11)
where ρo is the parametric distance of the corrugations from the centre of the ground plane
(see Fig. 9.3). Equation (9.2) for the surface impedance should then be replaced by

(9.12)
The rest of the solution remains the same, so we can express the cutoff surface condition as:

(9.13)

Thus, the cylindrical corrugations closer to the antenna should theoretically have a slightly
larger depth d in order to assure the cutoff for all the corrugation rings at the same frequency.
Another question of interest in Fig. 9.3 is the phase of the surface wave, ΘS, that travels all
the way through the corrugation toward the end of the ground plane. This phase should be
compared to the phase Θo of the line-of-sight signal from the same antenna, propagating in
the same direction. With reference to Fig. 9.3 and for a constant corrugation depth, one has

(9.14)

where r is the radial distance across the corrugation. A typical value for the lower integration
limit is
. The concentric geometry generally diminishes the corrugation effect.
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9.4 Corrugated Surfaces in GPS Ground Planes
9.4.1 Choice of the Corrugation Depth
The idea of the corrugated surface as a ground plane for an antenna is perhaps best explained
on the base of Fig. 4 that is partially adopted from Sievenpiper, 1999. Let’s consider a
monopole-like antenna located in the center of a metal or a corrugated finite ground plane, as
shown in Figs. 9.4a) and 9.4b), respectively.

Fig. 9.4: A monopole-like like antenna in the middle of a finite ground plane; a) finite metal ground
plane; b) finite cutoff corrugation surface. The signal diffracted by the ground plane edge is
schematically shown.

A metal ground plane supports plane waves of type II that travel all the way toward the
surface edge. These plane waves are then radiated as if the edge were essentially a point
source. The edge radiation is also directed downwards, which produces a significant antenna
back lobe. Due to reciprocity, the same pattern holds for the receiving antenna that does not
only receive the useful signal from a positive elevation angle but also all the electromagnetic
noise emitted by the ground and possible interference sources located close to the horizon.
The cutoff corrugated surface shown in Fig. 9.4b and 9.5 suppresses both plane and surface
wave and thus prevents edge radiation. Hence the backlobe radiation and the radiation at very
low-elevation angles (from horizon) are significantly reduced. Indeed, the present property of
the corrugated surface holds only for a certain band of frequencies.
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Figure 9.5: Model of a classic choke ring ground plane operating at cutoff

A crucial point that we would like to clarify in this paper is that this metal corrugation is
inherently broadband, even though the metal corrugation is frequently associated with exactly
λ/4 corrugation resonance – when every corrugation groove acts as a quarter wave openclosed resonator. This is the case for classic choke ring ground planes. One important
property revealed from our discussion is that the metal corrugation actually is functioning not
only close to the resonant point (as usually assumed) but also in the entire frequency domain
that approximately satisfies the inequality λ/4 <d < λ/2, where d is the corrugation depth and
λ=c/f is the wavelength. In other words, if lower and upper band frequencies are given by fL,
fU, respectively, then the (planar) corrugation depth should satisfy inequality λL/4 ≤ d ≤ λU/2
in order to suppress surface waves and any other plane waves propagating perpendicular to
corrugation. This result makes the choke ring a good candidate for multi-frequency and
multi-band applications.
According to the theory of planar corrugation, the conventional GPS choke ring antenna
becomes a cutoff corrugated surface when the depth of the corrugation becomes greater than
the largest quarter wavelength – in this case – the quarter wavelength in L2 GPS band
centered at 1.227 GHz.
(9.15a)
At the same time, the depth still should be less than λ/2 at the highest frequency – in this
case, the half wavelength in the L1 band centered at 1.575 GHz, which yields
(9.15b)
In fact, these values need to be slightly modified using the corrections to planar corrugation
discussed above in section C. A certain value in between these two should be chosen. It
makes sense to choose a lower depth in order to reduce the ground plane height. In particular,
the depth of 65 mm gives good results for a wideband base station GPS turnstile according to
full-wave numerical simulations, as it will be shown in the following.
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9.4.2. Choice of the Ground Plane Diameter
The optimal size of a geodetic GPS antenna (flat metal or choke ring ground plane) can be
chosen on the base of a well-known observation for planar metal ground planes. We consider
a numerical example of a half-wave strip dipole spaced a quarter-wavelength apart from the
square ground plane of a variable size. Such a dipole may model one wing of a turnstile
antenna for circular polarization. We varied the ground plane size, G, from 0.5λ, to 2.0λ, in
intervals of 0.5λ, and looked at two radiation patterns: the total gain in the E-plane of the
antenna (the xz-plane) and total gain in the H-plane (the yz-plane). The corresponding results
are shown in Fig. 9.6 and are summarized in Table 1. Note that, in the plots, the value of θ=0
deg corresponds to zenith.

Figure 9.6: Radiation patterns of a horizontal dipole above a finite ground plane of variable size.

It is evident from Fig. 9.6 that the radiation in the backward direction is quite significant. As
expected, the back-lobe decreases with an increasingly large ground plane. However, this
decline is not monotonic. The front-to-back ratio for this antenna model is given in Table 1
for a square ground plane.
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Table 1. Front-to-Back Ratio for Horizontal Dipole as a Function of Ground Plane Size
Ground plane size, G
0.5λ
1.0λ
1.5λ
2.0λ

Front-to-back ratio, dB
~8 dB
~14 dB
~21 dB
~21 dB

The performance obviously increases as the size of the ground plane increases. From the
view point of performance/size ratio, the most beneficial is the ground plane of size G~1.5λ,
since the incremental performance deteriorates for larger values of G. Similar results can be
derived for a circular ground plane of diameter G.
For the classical dual-band GPS frequencies of operation, where the wavelengths are 19 cm
and 24 cm, the optimal ground plane size is thus 28.5 cm at L1 and 36 cm at L2. This is
perhaps one reason why the size of choice for classic geodetic antennas traditionally has been
about 37 cm. For the GPS choke rings, a similar observation can be made.

9.5 Novel Non-Cutoff FSS Ground Plane
In this section, we discuss a new concept of corrugated surface operation: a non-cutoff FSS
ground plane that may support slow surface waves, as shown in Fig. 9.7. According to this
design, we let the surface wave be excited. The signal at low elevation angles is a
combination of the direct LOS signal from the turnstile antenna (TM to z plane wave type II)
and the slow wave supported by the corrugation surface (surface wave type III). The plane
wave type I (TE to z) is not excited as it is shorted out by the corrugation.

Figure 9.7: Concept of phase cancellation for the slow surface wave and the LOS signal for the
turnstile antenna above the non-cutoff ground plane. The phase cancellation is expected to take place
close to the rim.
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The ground plan is designed so that the LOS signal and the surface wave to be cancelled at
the end of the rim, i.e., have almost equal amplitudes and a phase difference equal to π. Such
a cancellation would imply that the major source of edge diffraction, the quasi TM to z wave,
may be reduced or eliminated. The idea of pattern control via phase cancellation finds its
roots in many other antenna setups; one of them is the Salisbury screen – the widely known
non-reflecting material introduced by MIT during WWII. The motivation for the non-cutoff
FSS ground plane is a desire to reduce its height as the non-cutoff corrugated surface is low
profile compared to the deeper cutoff corrugation (choke ring design).
For a planar infinite corrugated surface one obtains the cancellation condition by comparison
of the phases for both waves at the ring edge. It is assumed that the initial phase at the ring
center is the same. The cylindrical amplitude divergence does not contribute to the phase
difference. From Eq. (9.10), the phase cancellation condition is thus obtained in the form:
(9.16)
where:

ℜ is the distance from the antenna to the rim of the ground plane (radius).
Equation (9.16) is indeed an approximation that does not take into account the corrections
introduced by Eqs. (9.13) and (9.14) for the rings of constant curvature, variable non-zero
incidence angles, divergence, and amplitude taper. At the same time, the corresponding fullwave simulation test performed for a finite exactly planar corrugated surface excited by a
simple dipole indicated that Eq. (9.16) at
does predict the pattern cancellation at
oblique radiation angles of about 18 dB for a single frequency band.
However, for a wideband operation, it has been found that not the ring gap that achieves the
180 deg phase shift at the rim but rather a 90 deg average phase shift over the entire band is
best suited for pattern control. The exact reason for this observation is not yet completely
clear. For example, at
(9.17)
the average phase shift over the band is about 90° and the maximum phase shift at 1.60 GHz
is about 150°. In practice, a slightly lower corrugation depth, d, may be chosen. The dipole
height above the corrugation is critical for the subsequent analysis.
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9.6 Phase Center Variation as Function of Elevation
Angle and Frequency
In order to estimate the phase centre variation as function of frequency for the non-cutoff
antenna design proposed in this study, we partially apply the results from (Bird et al., 2007)
for wide-flare angle scalar corrugated horns (Bird et al., 2007 Fig. 14-43).
The distance of the phase center from the apex as a function of frequency can be estimated
from the phase factor Δ=a⋅[tan(θf/2)], where a is the distance between the rim of the
corrugations of the horn and the axis (in our case a ~ r =17 cm, where r is the radius of the
ground plane), and θf is the flare angle (in our case θf ~ 85°). According to Bird et al. in
chapter 14 (Bird et al. 2007) when Δ is very small, the phase center is located on the axis of
the horn, very close to the plane of the aperture. For larger values of the phase factor Δ, the
phase center moves along the axis toward the throat and eventually becomes fixed at the horn
apex for scalar horns with Δ=~0.7λ.
Within the wide range of frequencies covered by the non-cutoff FSS antenna design, from
1.164 GHz and 1.610 GHz, the ratio between the phase factor and the wavelength (Δ/λ)
varies between 0.60 and 0.84, respectively. At higher frequencies, between 1.349 GHz (for
which the ration is 0.70) and 1.610 GHz (for which this ratio is 0.84), the phase center
position tends to be fixed at the horn apex and, therefore, its variation is negligible. At lower
frequencies, between 1.164 GHz and 1.349 GHz, we can estimate the phase center position at
each frequency and the total variation along the axis is about 20 mm. However, within each
bandwidth (e.g. at L5, lowest bandwidth of interest, between 1.164 GHz and 1.188 GHz), the
phase center variation is less than 2 mm. The phase center variation with elevation angle
should follow that of wide-flare angle horns, at least at high elevation angles, but needs to be
investigated separately for low elevation angles.
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10. GNSS Antenna with Ground
Plane: Numerical Modeling
Results
10.1
10.1.1

Choke Ring Ground Planes
Optimization of Choke Ring Over Wide Bandwidth

After having established the desired antenna performance, I now consider the choke ring
basic ground plane configuration as in Fig. 10.1. I intend to compare the performance of
choke rings with different numbers of rings to see whether they meet the requirements. I
also evaluate which configuration among the modeled ones is the best for GPS
applications.

Figure 10.1. Geometry and associated dimensions of the choke ring with a bowtie turnstile.

Table 10.1 provides the parameters for some selected geometry designs shown in Fig.
10.2.
The number of corrugation rings is the rounded ratio of the choke ring radius, G/2, minus
the cavity radius, R, to the ring period, g+t. It is equal to 2-5 for all the geometries listed
in Table 3. One variable is the corrugation depth d.
Since we are interested here in a larger bandwidth from 1.15 GHz to 1.60 GHz that
covers L1, L2, and L5 bands, Eq. (15a) should be modified to
(15c)
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Figure 10.2. Wideband choke ring geometries with different number of rings. All ground planes
have diameter D=360 mm in diameter and corrugation depth d=65mm; a) antenna with flat metal
ground plane; b) choke ring with two rings; c) choke ring with three rings; d) choke ring with four
rings; and e) choke ring with five rings. The ground planes parameters are listed in Table 10.1.
These ground planes were optimized for wideband operation between 1.15 and 1.60 GHz.

The presence of a sufficiently large and deep central cavity is a necessary condition for
good choke ring operation with the turnstile element used as a radiator. Further shaping of
the cavity bottom (e.g., a conical bottom) has been found to have little or even negative
influence on the patterns.
For v, s, and t from Fig. 10.1, Table 10.1 gives some most appropriate parameter values.
The turnstile droop angle β should be close to 30-45 deg. The presence of the turnstile
balun affects the polarization isolation at higher elevation angles and cannot be ignored.
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Table 10.1. Geometric Parameters for Selected Antenna Ground Plane Configurations
Ring
diameter
G, mm
Flat ground plane
360
(Fig. 10.2a)

Cavity
radius
R, mm
--

Bowtie
half-wing
v, mm
30

Ring
period
g+t, mm
--

30

Separation
from choke
s, mm
-ant. height:
50:5:70mm
14

360

80

100

6

65-69

360

80

30

14

50

6

65-69

360

80

30

14

34

6

65-69

360

60

30

14

25

6

65-69

Geometry

Two rings choke

(Fig. 10.2 b)
Three rings choke

(Fig. 10.2 c)
Four rings choke

(Fig. 10.2 d)
Five rings choke

(Fig. 10.2 e)

Tooth
Ring
thickness depth
t, mm
d, mm
---

10. 1.2 Modeling Results for the Wideband Choke Ring
We present here the complete modeling results for the cases given in Table 3 for a flat
metal ground plane (Fig. 7a) and corrugated metal ground planes with different number
of rings (Figs. 7b-7e), over the band 1.15 GHz to 1.60 GHz. Again, only the pattern
information is given, for the absolute antenna gain (RHCP or LHCP). Phase center
dynamics and the impedance matching problems of the corresponding feeding element
are not reported here. In particular, in this subsection, the performance of a wide centralcavity choke ring with two rings (Fig. 7b), three rings (Fig. 7c), four rings (Fig. 7d), and
five rings (Fig. 7e) is discussed. One reason for choosing the set of parameters from Table
3 is a desire to maximize the polarization isolation over the upper hemisphere.
Diminishing a (relatively narrow) antenna backlobe at 180 deg was a secondary priority.
The antenna with a balun is fed via two balun input terminations at the bottom using two
orthogonal in-quadrature lumped ports.
The RHCP/LHCP patterns are given in Fig.10.3a to Fig.10.3e. Every figure corresponds
to a separate case from Table 10.1, in consecutive order. Variation of parameter d in
Table 10.1 is the choke ring height variation; antenna height above the top of the ring
always remains 14 mm. This data – choke ring depth – is labeled on top of every separate
pattern plot for the choke ring. For the flat ground plane (Fig. 10.3a), the separation
distance from the ground plane is given. All gain curves are given for a droopy turnstile
bowtie over the band 1.15-1.60 GHz, in steps of 0.05 GHz. The following observations
can be made from the figures:
i.

The flat ground plane of Fig. 10.3a has a poor polarization isolation (less than 10
dB) at elevation angles above 60 deg and a large LHCP backlobe (- 7 dB or so) at
180° elevation angle, as shown in Fig. 8a. Furthermore, RHCP gain considerably
changes with frequency, which points toward a potential problem with phase
center fluctuations.

ii.

The two-ring choke with a wide cavity of Fig. 10.2b improves the polarization
isolation to a minimum of about 10 dB for elevation angles above 100 deg (see
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Fig. 10.3b. The LHCP backlobe still remains, about -12 dB. The RHCP gain
variation greatly stabilizes with frequency.
iii.

The three-ring choke with a wide cavity of Fig. 10.2c considerably improves the
polarization isolation to a minimum of about 15 dB for elevation angles above 100
deg, as it can be observed in Fig. 10.3c. The LHCP back lobe is on the order of 15 to -17 dB. The RHCP gain variation greatly stabilizes with frequency.

iv.

As evident in Fig. 10.3d, the four-ring choke with a ring wide cavity of Fig. 10.2d
has performance quite similar to the three-ring choke (Fig. 10.3c). Therefore, one
may conclude that further increase in the number of rings can only have a minor
effect on the pattern performance.

v.

Finally, the five-ring choke of Fig. 10.2e is quite similar in performance to the
four-ring choke in Fig. 10.3d, as can be observed in Fig. 10.2e. Moreover, the
pattern performance starts to degrade at certain antenna heights.

Thus the choke ring with three to four thick rings, tooth height of 65-69 mm, and the
droopy turnstile element in a reasonably wide cavity is a good candidate to uniformly
cover the band from 1.15 GHz to 1.60 GHz.
It is important to emphasize that decreasing the radius of the central cavity may lead to a
significant degradation in the antenna performance. It is also interesting to slightly reduce
the tooth height, below the cutoff at 1.15 GHz, and then check its effect on the choke ring
performance. We consider two cases: three-ring choke with a wide cavity (Fig. 10.2c),
and four-ring choke with a wide cavity (Fig. 10.2d).
It appears that the three-ring choke is very much immune to depth reduction below the
cutoff; however, the four-ring choke provides a generally poor performance. This is in
line with some observations made in (Ashjaee et al., 2001). It follows from these
observations that the three-ring choke with a reduced height is probably also a good
candidate for the wideband GPS antenna.
The idea of choke ring depth reduction will be further explored in the next section, based
on a different concept. Note that other efficient modifications of the choke ring ground
plane are known from the literature – among them are a tapered choke ring, dual-depth
choke ring, dielectric-filled choke ring, resistive-tapered ground plane, and horizontal
corrugation. These designs may also provide a reduction in size.
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Figure 10.3a: RHCP and RHCP gain curves (absolute gain) in the E-plane of one turnstile
element – Design of Fig. 10.2a, Table 10.1 (flat ground plane). The gain curves are given for a
droopy turnstile bowtie over 1.15-1.60 GHz, in steps of 0.05 GHz. Different plots correspond to
different choke ring depths (see Table 10.1).
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Figure 10.3b: RHCP and RHCP gain curves (absolute gain) in the E-plane of one turnstile
element – Design of Fig. 10.2 b, Table 10.1 (two rings; wide central cavity). The gain curves are
given for a droopy turnstile bowtie over 1.15-1.60 GHz, in steps of 0.05 GHz. Different plots
correspond to different choke ring depths (see Table 10.1).
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Figure 10.3c: RHCP and RHCP gain curves (absolute gain) in the E-plane of one turnstile
element – Design of Fig. 10.2c, Table 10.1 (three rings; wide central cavity). The gain curves are
given for a droopy turnstile bowtie over 1.15-1.60 GHz, in steps of 0.05 GHz. Different plots
correspond to different choke ring depths (see Table 10.1).
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Figure 10.3d: RHCP and RHCP gain curves (absolute gain) in the E-plane of one turnstile
element – Design of Fig. 10.2d, Table 10.1 (four rings; wide central cavity). The gain curves are
given for a droopy turnstile bowtie over 1.15-1.60 GHz, in steps of 0.05 GHz. Different plots
correspond to different choke ring depths (see Table 10.1).
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Figure 10.3e: RHCP and RHCP gain curves (absolute gain) in the E-plane of one turnstile
element – Design of Fig. 10.3e, Table 10.1 (five rings; wide central cavity). The gain curves are
given for a droopy turnstile bowtie over 1.15-1.60 GHz, in steps of 0.05 GHz. Different plots
correspond to different choke ring depths (see Table 10.1).
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10.2 Non-Cutoff FSS Ground Plane GNSS
Antenna Simulations
The novel design here introduced is the Non-Cutoff FSS Ground Plane GNSS Antenna
modeled as shown in figure 10.4.

Figure 10.4: Non-Cutoff FSS Ground Plane GNSS Antenna model.

Figure 10.5a shows RHCP and LHCP antenna patterns in the E-plane of one dipole (top)
and in the D-plane, 45 deg cut between two dipoles (bottom). The left column gives the
measured data for a droopy bowtie turnstile (realized gain); the right column shows the
corresponding numerical simulations (absolute gain).
The simulations show excellent multipath rejection at low elevation angle approximately
in excess of 10 dB for each of the 10 curves, i.e. for the whole bandwidth between 1.15
and 1.60 GHz.
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RHCP/LHCP
Gain in dB

Figure 10.5. Numerical modeling of the RHCP and LHCP antenna patterns in the E-plane of one
dipole (top) and in the D-plane (45 deg cut between two dipoles). The simulations were
performed from 1.50 GHz to 1.60 GHz in intervals of 0.05 GHz.
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RHCP/LHCP
Gain in dB

Figure 10.6. Numerical modeling of the RHCP and LHCP antenna patterns in the E-plane of one
dipole (top) and in the D-plane (45 deg cut between two dipoles). The simulations were
performed from 1.50 GHz to 1.60 GHz in intervals of 0.05 GHz.
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10. 3

Modeling Final Considerations

In this chapter I have compared the performance of the classic low-multipath GPS choke
ring ground plane with a new shallower design via numerical modeling. Both ground
planes were optimized to obtain wideband operation uniformly over 1.15 – 1.60 GHz. To
achieve reception of GPS signals over such a large bandwidth I have chosen a simple
wideband radiator, the droopy bowtie turnstile. From the simulations it emerges that:
•

Both ground plane configurations (cutoff and non-cutoff), when properly
optimized, can operate over the wide bandwidth required for acquisition of GNSS
signals (such as Modernized GPS and GALILEO). They meet most other stringent
GPS antenna performance requirements.

•

The non-cutoff FSS ground plane GPS antenna discussed in the present study is
less than 40 % smaller in volume than the equivalent choke ring antenna.

•

The non-cutoff FSS antenna has a higher RHCP gain at low elevation angles
compared to the choke ring design.

•

The non-cutoff antenna has a faster decay of the RHCP gain at elevation angles
just below the horizon.

•

The deep choke ring antenna has a higher back lobe at 180 deg than the non-cutoff
FSS antenna.

Further studies focused on the GPS/GNSS radiating element (rather than the ground plane
as in this work) are underway to improve the existing droopy bowtie turnstile and to
achieve a better impedance matching over the band for the present setup. A better
radiating element will significantly improve the overall GPS antenna performance for the
choke ring and for our novel non-cutoff FSS wideband ground plane design.
Because of its simple and elegant design, its smaller size, robustness and ease of
manufacturing, the wide bandwidth, small back-lobe and side-lobe radiation, and
excellent polarization isolation (especially at low elevation angles), the non-cutoff FSS
ground plane antenna is a very promising candidate for future GNSS high-precision and
high-rate GPS applications.
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11. Non-Cutoff GNSS Antenna:
Hardware Implementation and
Tests
11. 1 Ground Plane Fabrication
After modeling the non-cutoff FSS ground plane GNSS antenna and obtaining the desired
simulation results, the antenna geometry was implemented in Solid Works, a 3D CAD design
engineering software tool. The antenna model ready for fabrication is shown in figure 11.1.

Figure 11.1: Model of the non-cutoff FSS ground plane GNSS antenna implemented in Solid Works
before fabrication.

The non-cutoff FSS ground plane was machined at PSI (Physical Sciences Inc. Andover,
MA) from a single 35.5 x 35.5 x 4 cm aluminum block (figure 11.2). The weight of the
current design is 8.6 kg (19 lb), in contrast to the commercial Trimble choke-ring antenna,
which is about 5.5 kg (12 lb).
In the future alternative fabrication techniques will be proposed to reduce the weight of the
current design. This prototype was built for proof-of-concept, and special manufacturing
techniques are beyond the scope of this research.
The final ground plane is shown in figure 11.3
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Figure 11.2: Non-Cutoff FSS ground plane machined in the machine shop at Physical
Sciences Inc., Andover, MA, USA. The ground plane was machined from a single 35.5 x
35.5 x 4 cm aluminum block.

Figure 11.3a: Final non-cutoff ground plane prototype after fabrication.
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Figure 11.3b: Final non-cutoff ground plane prototype.

11.2 GNSS Antenna Radiating Element
Fig. 11.4a) depicts the antenna feed element – a droopy bowtie turnstile with a balun – to
achieve wide bandwidth and figure 11.3.b) shows the rear of the ground plane with a
quadrature hybrid. This GPS antenna turnstile is a classic design.
We have used a split-coaxial balun with four slots and two inner transmission lines. The
dipole height (from top) above the ground plane was optimized by numerical simulations and
hardware experiments around 60 mm.

Figure 11.4: Radiating element used for the wideband non-cutoff FSS ground plane GPS
antenna: droopy turnstile bowtie with a balun.
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A special mount was designed to allow a variable radiating element height over the ground
plane to test the optimal eight. The droopy-bowtie turnstile and its mount are shown in figure
11.5.

Figure 11.5: Radiating element used for the wideband non-cutoff FSS ground plane GPS
antenna with special mount designed to allow different turnstile element heights with respect
to the ground plane for testing purposes.

11.3 Non-Cutoff FSS Ground Plane Antenna
Prototype
The final Non-Cutoff FSS Ground Plane GNSS Antenna prototype is show in figure 11.6: the
prototype utilizes the corrugated ground plane of figure 11.3 and the droopy turnstile-bowtie
feeding element of figure 11.4.

Figure 11.6: Non-cutoff FSS corrugated ground plane prototype developed for GNSS
applications. The ground plane diameter is 34 cm; it has a slightly frusto-conical shape, with
a semi-flare angle close to 85 deg. The corrugation depth is kept the same along the radius (d
= 25 mm).
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Fig. 11.7 and 11.8 show the non-cutoff FSS ground plane and a commercial dual-frequency
choke ring GPS antenna (Trimble). One could see a considerable reduction in the size, both
in vertical and in horizontal dimensions. At the same time, the pattern performance
approaches that of the deep wideband choke ring. Moreover, it is important to remember that
for a choke ring to operate in the wideband 1.15-1.60 GHz the minimum corrugation depth
allowed would be d=65 mm.

Figure 11.7: Non-cutoff FSS ground plane (left) and commercial dual-frequency Trimble
choke ring GPS antenna (right).

Figure 11.: Commercial dual-frequency choke ring antenna (left) and wideband GNSS noncutoff FSS ground plane antenna (right). We have shown that for wideband applications the
minimum corrugation depth of the choke ring, d, needs to be increased to d=6.5 cm; for dualband applications the minimum corrugation depth is 6.1 cm.
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An additional important advantage will be the possibility of increasing the diameter for
improved performance. It can be shown that increased diameter for the classic choke ring
would not sensibly improve performance, while increasing the diameter of a non-cutoff
GNSS antenna as much as is allowed by the application (e.g. geodesy) produces an improved
antenna performance in terms of multipath rejection and antenna pattern shape in general.

11.4

Antenna Tests in Anechoic Chamber

The antenna was tested in the anechoic chamber of the Electro Science Laboratory of the
ECE Department at the Ohio State University in August 2007.
A picture the non-cutoff FSS geodetic antenna during tests in anechoic chamber is shown in
Figure 11.10.

Figure 11.9: Non-Cutoff FSS geodetic ground plane GNSS antenna during tests in anechoic
chamber at the Ohio State University, Electro Science Laboratory compact range, in
August 2007. The arrow on the left of the figure points to the transmitting horn illuminating
the focal point of a parabolic reflector. The arrow on the top right of the figure points to the
non-cutoff ground plane GNSS antenna under test.
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Figure 11.10: Schematic representation of the test measurements that will be performed on
the Non-Cutoff aeronautical GPS ground plane antenna.

To produce the circularly polarized patterns the antenna under test was recorded using both
vertical and horizontal linear polarized illumination from the compact range parabolic
reflector (figure 11.8). The polarization was determined by the orientation of the transmitting
horn placed at the focus of the parabolic reflector (see Figure 11.8).

Antenna patter in elevation
A first set of antenna beam patterns was measured by rotating the pedestal to which the
ground plane was attached, obtaining antenna elevation plots. We recorded a measurement
every two degrees rotation to obtain a continuous beam pattern from -180 to +180 degrees.
Antenna pattern in azimuth
To determine the antenna pattern in azimuth, a number of measurements were performed
depending on the symmetry of the antenna array chosen. The rotation in azimuth was
obtained spinning the antenna ground plane around its axis of symmetry.
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11.5 Antenna Test Results
Figures 11.11 and 11.12 show the measured RHCP (Right Hand Cross Polarized) and LHCP
(Left Hand Cross Polarized) antenna patterns in the E-plane of one dipole of the turnstile
(top) and in the D-plane (45 deg cut between the two dipoles). The plot show 10 curves
relative to data acquired at frequencies between 1.15 GHz and 1.60 GHz in intervals of 0.05
(1.15, 1.20. 1.25, 1.30, 1.35, 1.40, 1.45, 1.50, 1.55, and 1.60) to demonstrate the wideband
performance of this prototype.
These measurements confirm the simulation results shown in figures 10.5 and 10.6.
There is good agreement between theory (simulations) and measurements. Note that the
antenna still has a certain impedance mismatch (the return loss approaches -5 to -7dB at low
frequencies and then decreases toward high frequencies).
Also note that the feeding dipoles perform well mostly within the band 1.20 GHz – 1.55
GHz. If we add the patterns at 1.15 GHz and 1.6 GHz the antenna performance at zenith
(polarization isolation) starts to become worse compared to the simulations. It is believed that
a not perfect impedance matching and asymmetry of the feeding elements is the major reason
for that.
Both in simulations and in experiment the non-cutoff FSS ground plane has a somewhat
larger RHCP gain at low elevation angles compared to that for the cutoff choke ring. It also
has a faster decay of the RHCP gain at elevation angles just below the horizon. At the same
time, the backlobe at 180° is higher than for the cutoff choke ring. It is believed that the
performance of the present antenna can be further enhanced with proper improvement of the
radiating element (e.g. better impedance matching).
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RHCP/LHCP
Gain in dB

Figure 11.1: Right Hand Cross Polarized (RHCP) and Left Hand Cross Polarized (LHCP)
antenna patterns in the E-plane for one dipole (top) and in the D-plane (45 deg cut between
two dipoles) measured in anechoic chamber. The measurement data were acquired between
1.15 GHz and 1.60 GHz in intervals of 0.05 (10 curves).
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RHCP/LHCP
Gain in dB

Figure 11.12: RHCP and LHCP antenna patterns in the E-plane for one dipole (top) and in
the D-plane (45 deg cut between two dipoles) measured in anechoic chamber. The
measurement data were acquired between 1.15 GHz and 1.60 GHz in intervals of 0.05.
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12. Conclusions and Future Work
The combination of improved modeling of the ZHD taking into account non-hydrostatic
conditions and enhanced antenna design for reception of Modernized GPS and Galileo
can improve accuracy for applications such as GPS meteorology on high altitude stations
(for example on Jungfraujoch). The same methods can be applied to other similarly
demanding GPS applications requiring high accuracy.

12.1 Improved Modeling of the ZHD
There are several major causes for the occurrence of non-hydrostatic atmospheric
pressures. Non-hydrostatic conditions related to the passage of high winds over relatively
narrow mountainous areas are only one of the possible causes, and are restricted by
geographic location. Other methods include strong convection in the presence of unstable
environments, particularly during thunderstorm activity and within mesoscale convective
systems. Non-hydrostatic conditions can also arise during the passage of fronts and along
squall lines, where dramatic drops in pressure accompany forced ascent of one air mass
over another within very localized regions. In all of these cases, however, the nonhydrostatic pressure deviation will adversely affect traditional estimates of ZHD and
IWV, which rely on the assumption of hydrostatic behavior within the intervening
atmosphere.
The non-hydrostatic correction introduced in this study can be applied to any of these
cases. However, this correction requires the knowledge of two fundamental input
parameters: the surface pressure, and the pressure deviation from hydrostatic equilibrium
at the GPS station. While the surface pressure information can be provided by simple
pressure measurements at the station, the pressure deviation from hydrostatic equilibrium
needs to be derived or estimated. In this thesis the focus is on non-hydrostatic conditions
caused by orographic uplift on narrow mountains and, therefore, the procedure for the
estimation of the pressure deviation from hydrostatic equilibrium derived here is only
applicable to this specific case.
In the future, using aLMo2 or other equivalent non-hydrostatic high accuracy numerical
weather models, it will be possible to estimate the pressure deviation from hydrostatic
equilibrium in a much wider range of cases and topographies. Therefore, the nonhydrostatic correction of the ZHD proposed in this thesis can be applied to any GPS
station experiencing low pressure associated with strong vertical acceleration of air
masses, providing improved performance for high accuracy positioning and IWV
estimates.
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Moreover, I would like to highlight the importance of accurate estimates of IWV on high
altitude stations from GPS observations. A low-pressure front on a narrow mountain is
usually associated with very strong winds and orographic up-lift and produces cloud
cover through adiabatic cooling when the air becomes saturated as it rises. Water vapor
radiometers cannot operate in these weather conditions, since radiometric measurements
can be acquired only in clear skies and low winds. Therefore, the PFR measurements
available on Jungfraujoch are very limited, particularly so during non-hydrostatic wave
regimes. For this reason it is extremely important to develop an alternative high accuracy
IWV estimation method, suitable for windy and overcast mountains, such as the one
developed in this thesis, to provide an alternative solution to the large data gaps of the
IWV estimates from PFR and other Water Vapor Radiometers. The estimation of IWV
with GPS could be a viable solution for continuous monitoring (especially during severe
weather) so long as the non-hydrostatic equilibrium is accounted for and the antenna is
properly operating.

12.2 Enhanced GNSS antenna design
The antenna designed, built, and tested during this work is an excellent candidate for
future GNSS permanent stations for reception of Modernized GPS, Galileo, GLONASS,
Beidou, and IRNSS, due to it wide bandwidth and overall high performance.
Future work towards the commercialization of this antenna include:
1. Further enhancement of the antenna radiating element (turnstile droopy bowtie) to
achieve better matching network and improved efficiency. This will further
increase the antenna gain and cross polarization rejection ratio.
2. Design of a radome ideally transparent to GNSS signals in the whole bandwidth
of interest, between 1.15 GHz and 1.60 GHz. Also techniques aimed at reducing
accumulation of snow and water on the radome need to be developed to preserve
the necessary signal reception.
3. Analysis of the antenna Phase Center Variation as function of elevation and
azimuth. Moreover, special focus is needed for the analysis of the PCV with the
frequency of operation in the whole bandwidth, i.e. for each carrier phase.
4. Identification of proper manufacturing processes and alternative hardware
implementations. It will be necessary to take into account effects due to
temperature variations and deformations.
5. Because in scientific applications (e.g. geodesy) the size of the antenna is less
critical than in commercial applications, it will be interesting to see how increased
diameter of the ground plane can improve antenna performance. Preliminary
studies carried out here suggest that increasing the number of rings of a choke ring
might not improve the antenna performance as much the non-cutoff ground plane
design would, if its diameter is increased of an equivalent amount. This might be a
key feature, beside the lower profile and robustness to deformation, that makes the
non-cutoff ground plane FSS antenna a good candidate for future demanding
geodetic and atmospheric sciences applications of Global Navigation Satellite
Systems.
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Appendix B
Swiss GNSS Network
AGNES
AGNES (Automatic GNSS Network of Switzerland) is a permanent GPS network operated
by Swisstopo and consists of 31 permanent GPS stations (figure 6.18). AGNES is a network
serving as reference for national first order surveys, scientific research and positioning
services.

Figure 6.18: The AGNES network (Swisstopo).

The first AGNES station was built in August 1998 in the location Zimmerwald (ZIMM). The
number of operational sites has increased constantly since then with stations uniformly
distributed in Switzerland. The height distribution of the stations ranges from 329 m (Station
FHBB) to 3584 m (Station JUJO, on Jungfraujoch). In addition, 20 EUREF stations are used
to enlarge the network capabilities
The data of the AGNES network are automatically processed every hour (since September
2001) by the Swisstopo Analysis Center in near real-time. The data are processed using the
Bernese GPS processing Engine (Beutler et al., 2001). The GPS estimates of the troposphere
parameters are used by Meteo Swiss for the computation of weather forecast models. Precise
station coordinates are computed with a delay of about 3 weeks, using final high-precision
IGS orbits.
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aLMo
The Alpine Model, aLMo, is the Swiss implementation of COSMO (Consortium for SmallScale Modeling), a non-hydrostatic, fully compressible local atmospheric model. aLMo has
been operational since April 2001 and consists of 385 by 325 by 45 grid points with a
horizontal grid spacing of around 7 km. The vertical information is subdivided in 45
generalized terrain-following pressure based levels. The prognostic variables are air pressure,
temperature, the three Cartesian wind components, specific humidity, and liquid water
content.
This operational numerical weather prediction model of MeteoSwiss is run twice a day to
produce high-resolution 72 hour forecasts on a domain covering central and western Europe.
aLMo is particularly suited to capture regional weather phenomena and serves as the basis for
the MeteoSwiss short-term forecasts. On one hand it gives quantitative estimates of
atmospheric conditions for use in daily weather forecasts and for early warnings of severe
weather; on the other hand it provides a variety of automated products.
The model domain includes the entire western and central Europe. Twice a day, at 2:30 am
and 2:30 pm (one hour later during summertime), a forecast is calculated on the
supercomputer of the Swiss National Supercomputing Centre at Manno (TI). Accurate initial
conditions for the forecasts are generated with an additional assimilation system, using all
available observations on the model domain. The boundary conditions are taken from the
global model of the European Centre for Medium-Range Weather Forecasts (ECMWF) in
Reading (UK).
aLMo was developed in international collaboration and is the operational version of the
Lokal Model at MeteoSwiss. The five national weather services of Germany, Greece, Italy,
Poland and Switzerland closely collaborate inside the Consortium for Small-Scale Modeling
(COSMO) and take part in the development of this non-hydrostatic model.
The development of a high-resolution model has started in 2005. The motivation is to obtain
automatic generation of local forecast products in complex topography. The new model will
be used for general forecast and for security of the Swiss population (disaster monitoring). It
will also allow MeteoSwiss to develop and maintain its key competence in Alpine
meteorology. The new model called aLMo2 will get its boundary conditions from the present
aLMo model. It will have a mesh size about 1/50°~2.2km and a domain of 480 x 350 grid
points with 60 levels, centered on the Alps. In addition to the current forecast, it will produce
18 hours forecasts, 8 times a day. It is planned to be pre-operational in 2007 and operational
in 2008.
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Appendix A
Atmospheric networks in Switzerland
The surface wind speed on Jungfraujoch (both, intensity and direction) used as input
parameter for the proposed non-hydrostatic model is extracted from the data provided by the
ANETZ meteorological network. The aLMo non-hydrostatic local atmospheric Alpine Model
is used to estimate the atmospheric stability N from temperature profiles, since radiosonde
data is not available at this site. The data from the GPS station JUJO, part of the AGNES
network were used for comparison in the validation (see chapter 7).
In this thesis I have used data from the ANETZ and AGNES networks, and data generated
from the aLMo model relevant to Jungfraujoch during the months of December, January,
February, and March, from December 2001 to March 2005.
The reason for this choice of data is that on Jungfraujoch, during winter months, the winds
are more likely to reach higher speeds.

ANETZ
ANETZ is a network of 72 meteorological stations maintained by Mateo Swiss (figure 6.17).
The first automatic station of this network was installed in Switzerland in 1975. The
meteorological data from the Meteo Swiss ANETZ network have been automatically
received every 10 minutes from all stations, since June 14th 2001.
Starting in spring 2004, the data automatically received are quality controlled. There is also
access to the ENAD database where quality controlled meteorological data are saved at
hourly time resolution. In the context of the STARTWAVE project, air pressure, air
temperature and relative humidity have been downloaded from the ENAD database for all
ANETZ stations, starting in January 1990 for Bern Liebefeld and in January 2000 for all
other stations.
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Figure 6.17: The ANETZ network (Meteo Swiss). The meteorological station located on Jungfraujoch
is denominated by the code 103, at an Altitude 3580 m, Latitude (deg): 46.55
Longitude (deg): 7.9833.
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