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Summary

This PhD thesis investigates the applicability of the Global Positioning Sys-
tem (GPS) to Numerical Weather Prediction. The work was carried out in
the group Radiometric Methods for Environmental Monitoring of the Mi-
crowave Department at IAP, which is concerned with the development and
operation of Water Vapour Radiometers for measurement of tropospheric
water vapour and liquid water. For the first time in the group an application
of the water vapour measurements for weather prediction was considered.
The GPS provides high temporal and spatial resolution measurements of
water vapour, which have recently become available for operational Numeri-
cal Weather Prediction (NWP). The first step in investigating the potential
of the GPS derived water vapour was validation of the data with the stan-
dard humidity observations as well as NWP model validation. This work is
described in the first part of this thesis. Through participation of the TAP
in the COST Action 716 and the active co-operation of the Federal Office of
Meteorology and Climatology (MeteoSwiss) it was possible to proceed with
investigating the direct impact of assimilation of GPS measurements on the
performance of the operational mesoscale system of MeteoSwiss - the aLpine
Model (aLLMo). Four assimilation experiments with al.LMo have been com-
puted and analysed. Those are summarised in the second part of this thesis.
This thesis is dedicated, firstly, to validation of GPS derived Integrated Wa-
ter Vapour (IWV) with independent humidity observations, and secondly, to
validation of IWV field of the NWP models. In the validation work only post-
processed GPS data were considered as having the best accuracy. The vali-
dation of GPS data with the radiosonde IWV showed a very good agreement
in winter time. However, in low stratus winter conditions the radiosonde was
occasionally found to overestimate IWV amount as a result of the slow re-
covery time of the humidity sensor after cloud passage. The yearly intercom-
parison gives contradictory results for the midnight and midday sounding,
possibly due to changes in the GPS processing. The model validation using
GPS shows a seasonal dependence of the bias and the standard deviation.
The model tends to underestimate the IWV in summer, but this differs from



year to year, being more significant in 2002 than in 2001. The investigated
diurnal IWV cycle in the summer months confirms the dry bias in the model,
which is possibly coupled with reported precipitation overestimation. The
overestimation of precipitation is a known deficiency of the model and can
possibly be overcome by direct assimilation of the GPS data in the model
and parameterization improvements.

The four Observing System Experiments (OSE) conducted in Switzerland
involved near-real time GPS data assimilation in alLMo. The near-real time
GPS data were requested for operational NWP time window 1h 45min after
the observation, and they were provided by the COST 716 processing centres.
Assimilated in the model were 100 European sites in three different weather
regimes in summer, winter and autumn. The following can be concluded:
GPS data were successfully used in the nudging process to correct the IWV
deficiencies present in the reference analysis. The GPS IWV impact on alLMo
forecast was found to be large in summer, moderate in the autumn and minor
in winter OSE. The model forecasts of 2m temperature and dew point have
been slightly improved via GPS assimilation. The impact of GPS on precipi-
tation analysis and forecast were investigated in details. In the first OSE the
precipitation statistics for Switzerland was improved and improvements in
the diurnal cycle of precipitation were achieved through improved IWV di-
urnal cycle. The subjective verification of precipitation using the radar data
gave mixed results. In the forecast the impact was limited to the first six
forecast hours and to strong precipitation events. The positive impact was
seen through reconstruction of a missing precipitation pattern in the summer
OSE. One case with negative impact on precipitation analysis was reported
due to exaggerated conversion of water vapour into liquid water and in turn
precipitation.

Based on the work presented in this thesis it can be concluded that the use of
GPS in NWP has a foreseeable long-term future due to the good spatial cov-
erage, temporal availability and quality of these data. The future potential
of GPS will be further extended with the new European project, GALILEO
(the European Satellite Navigation System), which will be in operational ser-
vice from 2008. The GPS derived water vapour gradients could further help
improving the spatial spreading of humidity in active weather regimes and
in regions with strong water vapour inhomogeneity. One further improve-
ment could be the retrieval of GPS humidity profiles (tomography). The
operational use of GPS derived water vapour in Switzerland will continue at
MeteoSwiss, staring with the implementation of GPS IWV as an operational
model validation tool. The assimilation experiments will continue with a one
month impact experiment in 2004, and based on the results a decision for
routine operational assimilation will be made.
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Chapter 1

Introduction

Significance of Water Vapour

Water vapour is the major greenhouse gas of the troposphere, the carrier
of latent heat in the global energy redistribution, and also the most mobile
form of water in the hydrologic cycle of the Earth.

Water is the only substance in the Earth’s environment that exists naturally
in significant quantities in all three states: solid-ice, liquid-water and gas-
water vapour. It is primarily in the vapour phase that water substance is
transported into the air on a global scale. Its condensation leads to clouds
which in turn produce precipitation. Although the atmosphere contains only
0.001 % of the water on the Earth, it transports enormous amount of wa-
ter vapour and energy, in form of the latent heat, redistributing those so to
maintain a balance of water and energy all over the globe.

Water vapour reaches the atmosphere primarily through evapotranspiration
from water sources at the Earth surface (figure 1.1). Evapotranspiration in-
cludes open-water evaporation (from the ocean, lakes and rivers), sublimation
from ice and snow surfaces and transpiration from vegetation. Water vapour
of the atmosphere has a relatively short lifetime, one week to 10 days, and its
complex life cycle includes vertical and horizontal transports, mixing, con-
densation, precipitation and evaporation. Due to the complexity of the water
vapour distribution, linked to its relation to atmospheric dynamics and the
role of phase changes, it is of essential importance for climate and Numerical
Weather Prediction and simultaneously very demanding to observe.

Three independent ground-based methods for measuring the atmospheric wa-
ter vapour will be discussed here. A summary of their characteristics is given
in table 1.1 (Bouma, 2002). The most widely used method is balloon-radio
sounding (radiosonde). The radiosondes are equipped with sensors for mea-
suring the temperature, pressure and humidity as well as wind speed and
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Figure 1.1: Water cycle of the Earth and participation of water vapour.

direction. The soundings are performed typically twice a day and the spa-
tial coverage of the network is 250 km or more. The second and the third
techniques exploit the fact that the propagation of electromagnetic waves is
affected by the atmosphere, providing a unique opportunity to derive infor-
mation about its water vapour content. The second technique is microwave
radiometry referred to as Water Vapour Radiometer (WVR). The WVR mea-
sures the sky emission at 21 and 31.4 GHz, which is influenced by water
vapour, liquid water and oxygen. The measured sky brightness temperature
is directly related to the wet path delay. The microwave technique allows
high temporal resolution, but is not applicable in rain events, and due to its
significant cost is mainly used in research. The third method for sensing the
atmospheric water vapour is by using the Global Positioning System.

Introduction to Global Positioning System

The Global Positioning System (GPS) is a worldwide radio-navigation system
developed and deployed by the U.S. Department of Defence. The system was
designed to provide high-accuracy, real-time position, velocity and time for
military users on a variety of platforms. It operates worldwide, in all weather
conditions, 24 hours a day. For civil users GPS is a reliable low cost system
for highly accurate geodetic surveys to the centimetre level.

GPS has two prime segments, the space-based segment of the GPS satellites
and the ground-based network of reference receivers. The space segment



Table 1.1: Intercomparison of independent techniques for measurement of
atmospheric water vapour. Adapted from Bouma (2002).

Radiosonde | Microwave radiometry GPS
temporal resolution low high high
spatial resolution low low high
vertical resolution high low low
cloud/rain waterproof no no yes
cost high high low
dataset length about 40 years since 1990 since 1990

consists of 24 satellites located in six orbit planes with an inclination of 55°
with respect to Earth’s equator and orbit periods of about 12 hours. The
GPS constellation, presented in figure 1.2, provides a global coverage with
four to eight simultaneously observable satellites above an elevation angle of
15°. The key role of the GPS satellite is to transmit precisely timed GPS
signals at two L-band frequencies 1.57 and 1.22 GHz. The antenna array,
incorporated in the body of the satellite, consists of 12 antennas placed in
two concentric circles. The transmitted radio frequency signal is detected
by the reference receiver on the Earth’s surface. The ground-based antennas
receiving the GPS signal are able to observe simultaneously all satellites in
view. Worldwide dense GPS receiver networks have been installed in Japan
(more than 1000 stations), U.S. (about 500) and Europe (more than 500
stations). The Automated GPS Network of Switzerland (AGNES), operated
by the Swiss Federal Office of Topography, consists of 29 reference stations
used primarily for geodetic survey applications.

Introduction to GPS Meteorology

As the GPS signal passes through the atmosphere from the satellite to the
user (figure 1.3), the signal encounters a number of propagation effects. The
magnitude of those effects depends on the elevation angle of the signal path
and the atmospheric environment where the user is located. The atmosphere
causes small but non negligible effects, including: a.) ionospheric group de-
lay and scintillation b.) group delay caused by wet and dry troposphere and
stratosphere and c.) atmospheric attenuation in the troposphere and strato-
sphere.

The ionosphere is the part of the upper atmosphere at the altitude between
approximately 100 and 500 km, formed by ionised gases. The total ion con-
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Figure 1.2: GPS satellite constellation: 24 satellites in six orbit planes.

tent varies widely from day to day and with solar conditions and has a large
diurnal fluctuation. The ionosphere electron content peaks at an altitude in
the vicinity of 200-400 km and can vary by as much as two orders of magni-
tude between day and night. The refractive index for the ionosphere varies
with the frequency and by making observation at two frequencies it can be
taken into account.

The troposphere is the part of lower atmosphere between 0 to approximately
12-18 km altitude, formed by dry air and water vapour. The major con-
stituents of dry air are Ny, O3, Ar and CO,. At the GPS frequencies, oxygen
is the dominant source of tropospheric attenuation, and this effect is normally
small. The tropospheric group delay caused by tropospheric refractivity is
the prime source of error in GPS. There are two major delay effects in the
troposphere. The first and larger effect is a dry air excess delay, referred to
as Zenith Hydrostatic Delay (ZHD), caused primarily by Ny and O,. The
ZHD corresponds to approximately 2.1 m at sea level, and varies with local
temperature and atmospheric pressure in a predictable manner. The ZHD
temporal variation is less than 1 % in a few hours. The second effect - water
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Figure 1.3: Schematic presentation of the GPS satellite signal path to the
ground-based receiver station.

vapour effect, referred to as Zenith Wet Delay (ZWD) - is generally smaller,
1-80 cm at zenith, but it varies markedly. The ZWD temporal variation can
exceed 10-20 % in a few hours and is less predictable. The demonstration of
troposphere effects can be found in the first paper of Chapter 2 of the thesis.
The Integrated Water Vapour (IWV) is obtained from the ZWD using:

108

IwWV = ZWD 1.1
(k3T + k2 )R, (1.1)

(1.2)

where k3, k, and R, are constants and Ty, is the weighted mean atmospheric
temperature. The change in atmospheric refractivity due to presence of water
vapour is defined by:

ZWD =10 / (k' + k05 )d (1.3)
(0]

e
73)
here e is water vapour pressure 7' is temperature and [ ds is the propagation

0
path of the signal.

The use of the Global Positioning System in Meteorology was suggested in
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1992 by M. Bevis (Bevis et al. 1992). Since then a number of projects
have investigated the accuracy of GPS derived IWV and its application in
Meteorology. In Europe two projects, funded by the EU, have been dedicated.
The first, the MAGIC project (Haase et al. 2002 and Vedel et al. 2003),
studied the variability of the GPS derived water vapour measurements in the
western Mediterranean area. The second, COST Action 716 (Elgered 2001),
initiated in 1999, has as its main objective to exploration of the application of
GPS data to operational Numerical Weather Prediction (NWP) in Europe.

Introduction to COST Action 716

The focus of the European COST Action 716 ” Exploitation of ground based
GPS for climate and numerical weather prediction application” was to eval-
uate the applicability of GPS in operational Numerical Weather Prediction
(NWP) and climate (Elgered et al., 2003). For this purpose the GPS data
from more than 200 European sites have been collected in near real - time
(COST 716) and provided for validation and Observing System Experiments
(OSE).

The work on COST Action 716 in Switzerland was initiated March 2000 as
a collaboration between the Swiss Federal Office of Topography, the Federal
Office of Meteorology and Climatology and the Institute of Applied Physics,
University of Bern. The Swiss Federal Office of Topography, (Swisstopo,
Wabern) operates the GPS Network of Switzerland and is one of the COST
716 processing centres providing the real - time GPS data (Brockmann et al.
2001). The Numerical Weather Prediction Department at the Federal Of-
fice of Meteorology and Climatology, (MeteoSwiss, Zurich) is engaged in the
development and operation of the Numerical Weather Prediction system of
MeteoSwiss, the aLpine Model. A detailed description of the model and the
data assimilation in the model is to be found in the second paper of Chapter
3. At the Institute of Applied Physics, University of Bern (IAP UniBe, Bern)
expertise in the measurement of atmospheric water vapour has been acquired
through the development of Water Vapour Radiometers for measurements in
the troposphere (Martin 2002 and Ingold et al. 2000) and the stratosphere
(Kampfer et al. 2003). At IAP, the first use of GPS derived water vapour
was a validation of GPS station Bern with the data from the water vapour
radiometer TROWARA (Peter and Kampfer, 1992), reported by Rohrbach
(1999). Through participation in COST Action 716 this work was further
extended with GPS validation using radiosonde data from Payerne (reported
in the first paper of Chapter 2) the sunphotometer data presented in Méatzler
et al. (2002) and validation of the aLpine Model with 20 Swiss sites, reported
in the third paper of Chapter 2. The Swiss contribution to COST 716 work

10



was. however, not limited to validation studies using the GPS derived water
vapour. In close co-operation with MeteoSwiss the first GPS Observing Sys-
tem Experiment (OSE) was computed at the end of 2001. The results of this
two week assimilation are presented in the second paper of Chapter 3. Based
on the promising results of this first OSE three new OSEs were carried out
in summer 2002. The findings are presented in the third paper of Chapter 3.

This thesis consists of two parts. Chapter 2, the first part, is dedicated
to the applications of GPS derived IWV for verification of the limited area
mesoscale models used in operational NWP in Switzerland and Germany.
The second part, Chapter 3, summarises the results from four GPS assim-
ilation experiments with the aLpine Model (aLMo) and one OSE with the
Local Model (LM). A short introduction to Chapters 2 and 3 is given below.

Introduction to Part I: Model validation using GPS ob-
servations

In chapter 2 the emphasis is on the validation of the Numerical Weather
Prediction Models using the GPS derived IWV. Validation of the mesoscale
models is an important task in evaluating their performance. The meteo-
rological offices routinely monitor the following model fields on a monthly
basis: temperature, pressure, wind speed and direction, precipitation and
cloud cover. Using the GPS derived water vapour a new unique opportu-
nity is provided for validation of humidity analysis and forecast. In this part
of the thesis the operational mesoscale models of MeteoSwiss are validated
against IWV from GPS observations.

The first paper! of part I is dedicated to validation of two mesoscale NWP
models with the Swiss GPS Network (AGNES). This work was the first step
in evaluating the potential of GPS in NWP in Switzerland. The GPS obser-
vations of Zenith Total Delay from six AGNES sites have been converted to
IWYV following Bevis et al. (1992) and compared to the radiosonde data and
the model output from the Swiss Model and the Swiss implementation of the
Local Model (LM). Validation of the GPS-derived IWV with the IWV from
the collocated radiosonde station in Payerne gives a monthly bias in the range

Validation of NWP mesoscale models with Swiss GPS Network AGNES. G. Guerova
et al. J. Appl. Meteorol., 42, 1, 141-150, 2003.

11



of 0.27 to 0.64 kg/m? over the period November 2000 to March 2001. In cases
of low stratus clouds and temperature inversion the radiosonde was found to
overestimate the water vapour amount. The possible reason can be the slow
recovery time of the radiosonde humidity sensor after cloud passage. The
verification of the hydrostatic Swiss Model indicates good agreement dur-
ing the winter and high variability and bias in the summer. The monthly
mean IWV values from GPS and LM show a systematic deviation over the
Swiss Plateau region and a good agreement for the high-altitude alpine sta-
tion, Andermatt. At the high-altitude station Jungfraujoch (~ 3600 m asl.)
negative GPS IWV values are sometimes reported, due to the incorrectly
modelled antenna phase centre. The GPS data sensitivity to high temporal
resolution atmospheric phenomena has been demonstrated via atmospheric
front passage over Switzerland.

The second paper? deals with monitoring of the Local Model in both
Germany and Switzerland. Monitoring the IWV amount of the limited area
forecast model has been performed using the ground-based GPS data from
94 sites from GFZ and AGNES (Brockmann et al., 2001) networks in the
period, April November 2001. The model performance for Germany and
Switzerland gives consistent results. The model tends to underestimate the
water vapour content of the atmosphere, and this tendency is very well pro-
nounced in the summer months between June and September. The diurnal
cycle of the model was investigated for summer 2001. In the hours between
6 and 21 UTC the model analysis and forecast systematically underestimate
the IWV.

The third paper® presents the aLpine Model (aLMo) monitoring for
Switzerland in the period January 2001 to June 2003. The post-processed
AGNES data with one hour temporal resolution are compared to the al.LMo
00 UTC forecast from 0 to +23 h. The monthly bias and standard deviation
are found to have a well pronounced seasonal dependence. In summer 2002
the model significantly underestimates the IWV amount measured by GPS.
This dry bias of the model is well pronounced in the diurnal cycle. The pre-
cipitation verification with ANETZ synop observations indicates a significant
overestimation of the light precipitation amounts. Thus it is expected that

2Monitoring IWV from GPS and limited - area forecast model. G. Guerova and M.
Tomassini, Research Report 03-15, University of Bern, Switzerland, 2003.

3Verification of the aLpine Model with the GPS data in the period 2001-2003. G.
Guerova et al., to be submitted to Meteorol. Atmos. Phys..
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a coupling between dry IWV bias and overestimation of precipitation exists.

The monitoring of the operational NWP model of MeteoSwiss using the
GPS measurements provides a unique opportunity to validate the model per-
formance in forecasting the humidity content of the atmosphere. Since sum-
mer 2003 the validation of aLLMo has been included as a standard validation
tool in MeteoSwiss.

Introduction to Part II: Assimilation experiments

The Swiss contribution to the assimilation work in COST 716 are four OSE
with the aLpine Model (aLMo). The GPS impact on aLLMo, is reported in
this part of the thesis.

The first paper* of Part II is dedicated to the Short Term Scientific Mis-
sion, to the Deutsche Wetterdienst in April 2001, supported by COST Ac-
tion 716. The objective of this mission was to check and improve the GPS
assimilation subroutines in the Local Model (LM). LM is the limited area
nonhydrostatic model developed by the Consortium for Small - Scale Mod-
elling (Doms et al., 2001). From the assimilation experiment conducted it
can be concluded that the Local Model is sensitive to the assimilation of
GPS derived water vapour and this sensitivity is demonstrated in correcting
the model IWV field during cold front passage by up to 20%. No marked
impact on temperature, cloud cover and precipitation fields was found. The
LM monitoring with the real time GPS observations resulted in identification
of an incorrect radiosonde observation. The work initiated during the mis-
sion was a starting point in introduction and experiments using GPS data in
Switzerland. It was an opportunity for exchange of knowledge and experience
on modelling and data assimilation. The GPS observations, their quality and
possible problems in the assimilation process have also been considered.

The second paper® covers the results from the first OSE performed with

4GPS observing system experiment with the Local Model. Report from the COST 716
Short Term Scientific Mission. G. Guerova, Research Report 03-16, University of Bern,
Switzerland, 2003.

® Assimilation of the GPS-derived Integrated Water Vapour (IWV) in the MeteoSwiss
Numerical Weather Prediction model - a first experiment. G. Guerova et al., Phys. Chem.
Earth., 2002 in press.
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the aLpine Model (aLMo). A high resolution limited area model-aLMo is
used for operational Numerical Weather Prediction (NWP) at MeteoSwiss
since November 2001. A continuous data assimilation scheme, based on the
Newtonian relaxation-nudging (Schraff, 1997), produces the initial conditions
for the forecast. The goal of this OSE was to evaluate the benefit of assimilat-
ing GPS-derived Integrated Water Vapour (IWV), provided for COST action
716 ”Exploitation of ground based GPS for climate and Numerical Weather
Prediction application”. A two week period in mid September 2001, charac-
terised by an advective weather regime and intense precipitation events, has
been selected for this first OSE. On average observations from 80 European
GPS sites are assimilated by the model. Results are based on the aLMo as-
similation cycle. This experiment shows a tendency for GPS data to increase
the model IWV amounts in the day-time, and shows a substantial impact of
GPS in the southern part of the model domain where the relative change can
reach up to 30 % relative change. The verification of aLMo over Switzerland
reveals a clear positive impact of GPS on the IWV daily cycle and on the
precipitation. The precipitation score statistic confirms the positive impact
of GPS data assimilation. In one case, assimilation of GPS data resulted
in a substantial increase of IWV. This could be traced back to inadequate
spreading of humidity increments. Thus it can be concluded that additional
GPS information, such as gradients and slant path estimates, will be bene-
ficial in correctly shaping the model structure function. The impact of GPS
IWYV assimilation in aLMo gave encouraging first results. The GPS assimila-
tion work continued with three new OSEs for different weather regimes and
decreased radius of the observation increments spread.

The third paper® deals with the three additional GPS assimilation experi-
ments with alLMo performed after tuning the nudging scheme, i.e. decreasing
the radius of influence parameter. In total 17 days of analyses and two 30
hour daily forecasts were computed, with 100 GPS sites assimilated for three
selected periods in autumn 2001, winter and summer 2002. First, the Near
Real Time (NRT) data (van de Marel et al. 2003) quality has been compared
with the Post - Processed data. A bias of 3 mm level and standard deviation
of 8 mm was found in the Zenith Total Delay, corresponding to an IWV bias
below 0.5 kg/m?. The NRT data are successfully used in the nudging pro-
cess to correct the IWV deficiencies present in the reference analysis; stronger

6 Assimilation of COST 716 Near Real Time GPS data in the nonhydrostatic limited
area model used at MeteoSwiss. G. Guerova et al. Meteorol. Atmos. Phys., submitted
Aug. 2003.
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forcing with a shorter time scale could, however, be recommended. Compar-
ing the GPS derived IWV with radiosonde observations, a dry radiosonde
bias was found over northern Italy. Second, the GPS IWV impact on the
aLLMo forecast was found to be large in June 2002, moderate in September
2001 and minor in January 2002 OSE. The January OSE is inconclusive due
to inconsistent use of the humidity correction scheme. During the June OSE
a substantial IWV impact is seen up to the end of the forecast. The 2m tem-
perature and dew point have been slightly improved over the whole aLMo
domain. The subjective verification of precipitation gives mixed results. In
the forecast the impact is limited to the first six hours and to strong precip-
itation events. A missing precipitation pattern has been recovered for one
case in June OSE. One case with negative impact on precipitation analysis
is reported for the same period.

Based on the assimilation experiments performed it can be concluded
that the application of GPS in NWP has a foreseeable long-term future due
to the good spatial coverage, temporal availability and quality of these data.
The future potential of GPS will be further extended with the new European
project - GALILEO (the European Satellite Navigation System), in opera-
tional service from 2008. The GPS derived water vapour gradients could
further help improving the spatial spreading of humidity in active weather
regimes and in regions with strong water vapour inhomogeneity. One further
improvement could be the retrieval of GPS humidity profiles (tomography),
with the limiting factor being accurate Slant Path estimates. The operational
use of GPS in NWP models depends also on future data availability; GPS
networks belong mainly to the geodetic community and are not incorporated
in the WMO Meteorological Observing System.
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Abstract. The importance of water vapour for the hydrological cycle of the Earth
and the atmosphere is well known but difficult to study and sample. In this respect,
the vertically Integrated Water Vapour (IWV) derived from Global Positioning
System (GPS) delay is a potential source of valuable weather information. Due to
the relatively dense station distribution, both the temporal and horizontal variability
of water vapour is well captured by the GPS. This makes GPS data well suited for
Numerical Weather Prediction (NWP) models.

In this paper the Swiss GPS Network (AGNES) is used, for calculation of IWV
and for comparison with radiosonde data and two NWP mesoscale models from
MeteoSwiss named Local Model (LM) and Swiss Model (SM). Reasonably good
agreement between GPS and radiosonde data is reported. It has been identified
that in some particular weather situations with low stratus clouds and temperature
inversion, the radiosonde significantly overestimates the water vapour amount.
The LM and SM verification with GPS data indicates good agreement during the
winter period (November 2000 - March 2001) and high variability and bias in the
summer period (August 2000). The monthly mean IWV values from GPS and
LM show a systematic deviation over the Swiss Plateau region and a very good
agreement for the high-altitude alpine station, Andermatt. The capability of GPS in
monitoring the atmospheric phenomena has been demonstrated. Unrealistic IWV
at Jungfraujoch (~ 3600 m asl.) due to GPS antenna problems are reported.

This work is in the frame of the Swiss contribution to COST Action 716 and is
considered a first step in preparation for assimilation of GPS measurements in LM.

1. Introduction acknowledged for many years, and a number of instrumen-
tal techniques have been developed to study it. While the

The importance of water vapour for the overall state of ~ most widely used method world-wide, radiosonde, is supe-
the atmosphere in both short and long time scales has been rior in providing vertically resolved water vapour profiles;
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Figure 1. Map of Switzerland showing a selection of stations (white dots) from the automated GPS Network of Switzerland
- AGNES. In this study the data from: Payerne (PAYE), Bern (EXWI), Jungfraujoch (JUJO), Andermatt (ANDE), Locarno

(LOMO) and Davos (DAVO) were used.

it is on the other hand, relatively expensive to maintain and
consequently limited in number of sites. Microwave radiom-
etry is another approach to the problem, providing informa-
tion for vertically Integrated Water Vapour IWV) and cloud
water. In the last two decades it has been substantially de-
veloped and is extensively used for validation studies and
field campaigns (Liou et al. 2001). However, in addition to
the difficulty in data processing, its main limitations remain
poor spatial coverage and poor performance in rain condi-
tions (Gueldner et al. 1999). The prime objective of the
Global Positioning System (GPS), developed three decades
ago, was exact position determination (i.e. location on the
Earth’s surface). Later the use of GPS was extended to a
number of scientific applications (Ware et al. 2000), one
of which is derivation of IWV. It has to be acknowledged,
however, that a significant effort was required to achieve ac-
curacy in determination of water vapour from the GPS sig-
nal, and the possibility of producing a profile from the GPS
observation is still a challenging task (Flores et al. 2000;
MacDonald and Xie 2000, MacDonald et al. 2001).

On the other hand, the development of very fine resolution
mesoscale models for Numerical Weather Prediction (NWP)
became possible with the improvements of both numeric and
parameterization schemes and the increased power of super-
computers. A non-hydrostatic concept has been introduced
in the last decade in order to achieve, among other things,

the refinement of the model mesh and to provide more re-
alistic parameterization of atmospheric waves and convec-
tion (Doms and Schaettler 1999). When mesoscale mod-
els are used to resolve boundary layer structure and dynam-
ics, the need for reliable water vapour data is even more ap-
parent (Schraff 1997; Weygandt and Seaman 1994; Stauffer
and Seaman 1994). In addition, for realistic representation
of cumulus cloud formation and decay good parameteriza-
tion schemes are required along with as accurate as possible
estimates of water vapour profiles. This is the main moti-
vation for the implementation of GPS-derived IWV in the
mesoscale models (Kuo et al. 1996).

The objective of this study is to validate the water vapour
field of two operational mesoscale models against GPS ob-
served IWV and to draw conclusions about future assimila-
tion of IWV in the Local Model (LM). In section 2 a descrip-
tion of IWV extraction from GPS, radiosonde, LM and SM
(Swiss Model) is given. The comparison between GPS and
radiosonde IWV is discussed in section 3 and LM validation
with GPS for the period November 2000 - March 2001 is
presented. For summer 2000, SM output is compared with
IWV from GPS. A summary and conclusions can be found
in section 4.
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2. Description of the data used

2.1. Global Positioning System (GPS) data

2.1.1. Swiss GPS NETWORK AGNES The Swiss
Federal Office of Topography has deployed and operates the
Swiss GPS network - AGNES. AGNES is mainly used for
navigation and surveying purposes (post - processing and
real time) in a homogeneous reference frame (called LV95).
It consists of 12 permanent receivers with a sampling rate of
one second and will contain 28 stations at the end of 2001
(Brockmann et al. 2001). The data from all stations are pro-
cessed using the Bernese 4.2 software package (Rothacher
and Marvart 1996; Schneider et al. 2000) with a delay of one
week. For estimation of hourly Zenith Total Delay (ZTD),
GPS data above 10° elevation are used. The Niell map-
ping function (Niell 1996) is used to map the slant delays
to the zenith. In this study the data from six AGNES sites
are used. Their locations are represented by white dots in
Figure 1. They are from west to east : Payerne (PAYE),
Bern (EXWI), Jungfraujoch (JUJO), Andermatt (ANDE),
Locarno (LOMO) and Davos (DAVO).

2.1.2. DERIVATION OF IWV FROM GPS MEASURE-
MENTS The IWV is retrieved from the Zenith Total De-
lay (ZTD) following the concept described in Bevis et al.
(1992) and Emardson et al. (1998). First, the hydrostatic
delay ZHD (m) is calculated via its dependence on surface
pressure ps (hPa) and a factor f(6, h), describing the height
(h) and latitude () variation of the gravitational accelera-
tion, as follows:

ZHD = (2.2768 & 0.0024) f(g,sh) 1)

f(6,h) =1 —0.00266c0s(20) — 0.00028h. 2)
Second, the IWV in mm is obtained using:

IWV =K(ZTD — ZHD) 3)

k-1 )

(k3 /T + k2" )R,

where k3 = (3.776+0.004) 105 (K hPa~1), k} = (17£10)
(K hPa™'), R, = 461.51 (J kg—'K ') is the specific gas
constant for water vapour and 7', is the weighted mean at-
mospheric temperature (K). The surface pressure (p,) and
temperature (used for derivation of T',) are obtained from
the collocated meteorological stations from the Swiss sur-
face station network (ANETZ).

The difference (ZTD - ZHD) is often referred to as zenith
wet delay (Bevis et al. 1992). The conversion constant K
is of the order of 0.15. The uncertainty in derivation of
ZHD (specified in equation 1) is of order of 0.2 %. How-
ever the uncertainty introduced in IWV varies from +0.25
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Figure 2. a) Zenith Total Delay (ZTD) and Zenith Hy-
drostatic Delay (ZHD) versus time for the period 10 to 30
November 2000 at Payerne (PAYE). b) Integrated Water
Vapour IWV) in mm at Payerne as derived from (3).

mm to +0.35 mm for IWV amounts of 10 mm and larger
than 10 mm, correspondingly. The uncertainty in estimation
of the parameter K (specified in equation 4) is reported to be
2 % (Ohtani and Naito 2000). The overall accuracy of IWV
estimation is reported to be better than 1.5 mm (Rocken et
al. 1993, 1995).

One demonstration of the GPS concept can be found in
Figure 2 where ZTD, ZHD and IWYV are plotted for the GPS
station Payerne (PAYE). From the first plot (Figure 2a) it can
be clearly seen that the ZHD variation for the period of 20
days is between 2.15 and 2.20 m (2150 - 2200 mm). The
ZTD however varies in the range of 2.20 - 2.35 m (2200 -
2350 mm). It is obvious that the high time fluctuation in the
ZTD signal has less to do with the hydrostatic component
of the delay (ZHD), but is essentially contributed by the wet
delay. Thus, being in the range of 0.05 - 0.15 m, the wet
delay induced by the water vapour content of the lower tro-
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Figure 3. Radiosonde and GPS derived IWV in January
2001. a) Radiosonde (squares), GPS observation (thick line)
and LM forecast of 00 UTC +24h to +48h (thin line) with
circle indicating forecast hour +24 at Payerne (PAYE). b)
The same as a) at EXWI-Bern with radiosonde data from
Payerne.

posphere, is a prime source of high temporal variability in
the GPS signal. Indeed, the dashed and dash-dotted lines
give evidence for the good correspondence between the low
and high values of IWV (Figure 2b) and ZTD (Figure 2a).

2.2. Numerical Weather Prediction (NWP) Models

2.2.1. LocAL MODEL (LM) The increase in the capa-
bility and speed of supercomputers has provided an opportu-
nity for the implementation of a new generation high resolu-
tion nonhydrostatic models for mesoscale numerical weather
prediction. At the Federal Office of Meteorology and Cli-
matology (MeteoSwiss) a nonhydrostatic model, called the
Local Model (LM), has been running operationally twice

Guerova G. et al.

every day (at 00 and 12 UTC) since 1 April 2001 with a
preoperational test period from September 2000 to March
2001. The model horizontal grid of 7 x 7 km covers the
region of central, south-western Europe and part of the At-
lantic Ocean. The model has 45 vertical levels from the
surface up to 20 hPa in a generalized terrain-following co-
ordinate system (Doms and Schaettler 1999, 2001). The
vertical resolution in the lowest 2 km of the atmosphere is
about 100m. Since November 2000 filtered orography was
introduced into the model to solve for unrealistic precipita-
tion forecasts in mountain regions (Gassmann 2001). The
LM analyses are obtained via interpolation of driving model
analyses - German Global Model (GME). The model prog-
nostic variables are : temperature, perturbation pressure,
horizontal and vertical wind velocity, water vapour, cloud
water and air density. The LM has been developed in close
cooperation with Deutscher Wetterdienst (DWD) within the
framework of COSMO (Doms and Schaettler 2001). The
COnsortium of Small scale MOdelling (COSMO) integrates
the national weather services of Germany, Switzerland, Italy
and Greece.

2.2.2. SWISS MODEL (SM) The Swiss Model (SM) is
a hydrostatic limited area mesoscale model. It has a horizon-
tal resolution of 14 km and a grid mesh of 145 x 145 points.
The domain covers western and central Europe (from Ire-
land, Denmark and Poland in the north, to Spain and south-
ern Italy in the south). The vertical domain is divided into
31 layers. It has been used for operational weather fore-
casts by MeteoSwiss since 1994 and it has been developed
in collaboration with DWD. The SM analysis is obtained via
interpolation of the GME analysis using the method of Ma-
jewski (1985). The SM data were used for GPS validation in
summer 2000.

2.2.3. DERIVATION OF IWV FROM LM AND SM  The
Integrated Water Vapour (IWV) is calculated from the model
specific humidity fields so that it can be compared with the
GPS observations. For the comparison the model grid points
have been selected based on the smallest height difference
to the GPS antenna. The spatial search radius is about 10
km and 20 km, correspondingly, for LM and SM. In addi-
tion the starting integration level is taken to be as close as
possible to the height of the GPS site, i.e. the model IWV
is calculated from the level with smallest height difference.
The integration is performed using:

htop

Wy == [ pu.(b)dn )

Puw
ho
where p,,, is water vapour density, / is height in meters and
Puw 1s density of liquid water and IWV is in mm. For inter-
comparison with GPS the LM forecast initialised at 00 UTC
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is used. The forecast hours from +6h to +30h are compared
with corresponding GPS measurements. In only one case the
LM forecast period from +24 to +48 hour (next day forecast)
is used.

2.3. Radiosonde data

There is one radiosonde sounding site in Switzerland lo-

cated at Payerne (Swiss Plateau region). A balloon sound-
ing (sonde type SRS 400, MeteoLabor, Switzerland) is per-
formed twice a day (00 and 12 UTC) measuring temperature,
pressure, humidity and wind profiles. The IWV amount is
calculated using equation (5).
A fast response VIZ ACCU-LOK carbon hygristor is used to
measure relative humidity. During the radiosonde preflight
procedure, the lock-in humidity resistance is introduced in
the data acquisition software and the sensor. The operating
range extends from 0 to 100 % relative humidity (RH), and
from - 60 to +40 °C, with an accuracy of 2 % RH (rms)
(Richner 1999).

3. Validation study

3.1. Comparison of IWV derived from GPS and radiosonde

In order to validate the GPS IWV a comparison with the
collocated radiosonde in Payerne is performed. The monthly
mean difference between radiosonde and GPS over the pe-
riod of November 2000 to March 2001 is in the range of
0.27 to 0.64 mm, showing a slight dry bias of GPS. This dry
GPS bias however is below the estimated GPS error range
of £1 mm. From this comparison it was identified that dur-
ing some particular weather situations in winter (low stratus
clouds and temperature inversion) when very low amounts
of water vapour were measured by GPS the radiosonde mea-
surements had a significant positive bias. Such a case is pre-
sented in Figure 3a and 3b. It can be clearly seen that be-
tween January 14th and 16th the radiosonde (squares) and
GPS IWV (thick line) have a significant offset for the GPS
antenna in Payerne (PAYE) as well as for the GPS site EXWI
in Bern (the distance between Payerne and Bern is about 40
km). The same situation was observed on 23rd December
2000 (Figure 5a).

The LM forecast (thin line) is also plotted in Figure 3a and
3b. The model forecast +24 to +48h is chosen in order to
minimize the observation (e.g. assimilated radiosonde data)
influence. It can be observed that the model predicts IWV
amounts, which are close to the GPS-derived one and as well
below 5 mm. The histograms in Figure 4 show the bias (ra-
diosonde minus GPS) and the GPS-derived IWV for four
months in the period November 2000 to March 2001 (the
data from February are not presented as the number of com-
parisons is small). From the histograms in 4b and 4c the

ggﬂiﬂﬂﬂﬂﬂﬂm ﬂﬂﬂﬂwﬂﬂﬂﬂ l Mﬂﬂﬂﬂﬂﬂﬂﬂﬂm
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Figure 4. Histograms of the bias (radiosonde minus GPS)
and the GPS IWV for period November to March. a)
November 2000, Payerne (PAYE). b) December 2000, Pay-
erne. ¢) January 2001, Payerne. d) March 2001, Payerne.

periods with very low IWV at the end of December and mid
January can be identified. It is to be noticed that for these
particular cases, the bias can reach up to 5 mm. It can also
be seen that the bias is mostly positive and particularly high
for IWV amounts below or close to 10 mm. For example,
from 17 cases in December when the difference is in the
range of £1 mm to £2 mm, 12 cases have a positive sign
(excluding the already discussed case with very low IWV at
the end of December).

Independent measurements of IWV at Bern by a sunpho-
tometer (Ingold et al. 2000) were available on January 15
at 13 UTC. The IWV from the sunphotometer is 5.23mm
and from the collocated GPS site EXWI the amount mea-
sured is 5.0 mm, i.e. the difference is about 0.3 mm. At
approximately the same time (12 UTC) but in Payerne the
GPS derived IWV is 4.2 mm while the radiosonde measures
6.66 mm, i.e. 2.4 mm more.
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3.2. Verification of LM water vapour field with GPS
observations

Since November 2000 the verification of the Local Model
has began. This work is a first step in investigating the po-
tential use of ZTD measurements in numerical weather pre-
diction in Switzerland. Comparisons of hourly IWV from
LM and GPS are performed. Results for four GPS sites and
corresponding model grid points are presented in Figure 5.
The site selection is based on availability of collocated sur-
face meteorological measurements from ANETZ.

The period of 5th to 31st December 2000 is plotted in Fig-
ure 5. Additionally the corresponding bias (LM minus GPS)
and standard deviation (std) values are given. With only one
exception (PAYE) the bias is well below 1 mm. However
some days with substantial differences between LM IWV
(thin line) and GPS IWYV (thick line) are observed. One case
is the +6 to +30h model forecast on December 13 (+6h is
marked by an arrow on Figure 5a). For Payerne (Figure 5a)
a substantial offset is visible towards the end of the forecast-
ing period, while for Andermatt (Figure 5d) and Davos (Fig-
ure 5c) the IWV variation is poorly predicted over the entire
forecast period. A careful investigation of the 12 UTC sur-
face pressure map from 13 December indicates a cold front
passing through Switzerland. Indeed the IWV minimum is
associated with the cold air advection. The LM forecast for
Andermatt and Davos correctly predicts the minimum IWV
values but with time offsets of 9 and 12 hours, respectively.
Thus, it is to be concluded that the forecast failure is due
to inaccurate modeling of the atmospheric processes after
frontal zone passage.

The second half of the month shows reasonably good agree-
ment except for the forecast on 23 December where the very
first forecast hours (+6h to +12h) are particularly poorly pre-
dicted for grid point Payerne. The reason is once again hu-
midity overestimation from the radiosonde (squares in Fig-
ure 5a). This demonstrates the model sensitivity to the ra-
diosonde data. It must be emphasized that in general good
agreement between the model and GPS was obtained during
the winter period under study.

3.3. Monthly mean water vapour amounts from the LM and
GPS

Monthly mean IWV estimates from LM and GPS are
presented in Figure 6 using one hour time resolution data.
The sites are as follows: Payerne (PAYE) and Bern (EXWI)
located on the Swiss Plateau, Andermatt (ANDE), Davos
(DAVO) and Jungfraujoch (JUJO) located in the Swiss Alps
and Locarno (LOMO) in Southern Switzerland. In Table 1,
the heights above sea level (asl.) of GPS antenna and model
topography are listed.
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Figure 5. IWV from GPS and LM versus time in days of
December 2000. a) IWV from GPS (thick line), radiosonde
(squares) and LM forecast of 00 UTC +6h to +30h (thin line)
with circle indicating forecast hour +6 for PAYE - Payerne
(~ 500 m asl.). b) the same as a) for EXWI - Bern (~ 550
m asl.). ¢) the same as a) for DAVO - Davos (~ 1600m asl.).
d) the same as a) for ANDE - Andermatt (~ 2300 m asl.)

The results over the monitored period from November
2000 to March 2001, shown in Figure 6, reveal that GPS
(black bar) and LM (grey bar) have good correspondence. It
can be clearly seen that the lowest IWV measured at PAYE
and EXWTI is in the middle of the period, namely in Jan-
uary 2001. However it should be noted that for Payerne and
Bern the amounts from LM are always higher than those of
GPS. Keeping in mind that the height differences between
the model grid point and the GPS antenna are 30 and 79 m
(see Table 1), respectively, it is logical that the forecast IWV
amount should be lower than that measured by the GPS.
This leads to the conclusion that LM overestimates the wa-
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Figure 6. Monthly mean IWV from GPS (black bar) and LM (grey bar) for the period November 2000 to March 2001.

Table 1. GPS, LM, GPS - LM and SM heights

GPS site GPS height [m] asl. LM height [m] asl. GPS - LM difference [m] SM height [m] asl.
Payerne (PAYE) 498 528 -30

Bern (EXWI) 577 656 -79 601

Davos (DAVO) 1598 1815 -217 1783
Andermatt (ANDE) 2317 2360 -43 2367
Jungfraujoch (JUJO) 3584 3599 -15

Locarno (LOMO) 388 805 -417
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ter vapour amount in the Swiss Plateau region. A further
comparison between LM, radiosonde and GPS shows a pos-
itive model bias of 0.8 mm relative to the radiosonde and
1.1 mm relative to the GPS for November 2000 at Payerne.
This trend remains valid for the entire period of investiga-
tion. From the third set of bars in Figure 6 it is seen that
the GPS receiver in Davos (DAVO) measures slightly more
water vapour in all cases compared with the values obtained
from LM (grey bars). The excess amount reported by the
GPS varies from 3.7 % to 7.7 % and correlates well with
the fact that the height difference is a little more than 200
m. For the station at Andermatt (ANDE) the bars show very
good agreement between GPS and LM. In addition it is to be
noted that the values are below 6 mm due to the high altitude
of the site (2300 m). On the other hand this good agreement
is an indication of correct representation of WV amounts in
the model layers above 2300 m.

The results for Jungfraujoch (JUJO 3600 m asl.) show strong
discrepancy between LM and GPS. The reason is unrealistic
IWYV amounts from GPS (including negative estimates). The
problem was identified to be the unmodeled antenna phase
centre of this special antenna, which is covered by a heated
dome to protect the antenna against the impact of snow. Af-
ter detection of the problem the antenna was calibrated, and
from now on more realistic values of GPS IWV at Jungfrau-
joch are expected.

The last set of bars in the histogram (Figure 6) is for Locarno
(LOMO), the southernmost GPS site in Switzerland. The
IWV minima for LOMO is not measured in January (as it is
for Payerne) but instead in February 2001. This is probably
due to the fact that the atmospheric circulation in this region
is influenced by the Mediterranean circulation patterns. Un-
fortunately the model orography is 400 m above the antenna
height, so any conclusions about the model WV field are not
feasible. However it should be pointed out that the 400 m
difference adds from 6.5 % to 16.4 % to the overall amount
reported by LM.

In order to solve the problem of height difference between
GPS and LM grid point (eg. Davos and Locarno) an ad-
ditional experiment was performed. First, the IWV amounts
for a layer thickness of 200 and 400 m are calculated, assum-
ing constant relative humidity (observed at ANETZ station
height). Second, the GPS IWV values are extrapolated to the
corresponding LM height by subtracting IWV amounts due
to the height difference. As a result a substantial decrease of
the GPS value is obtained with a negative offset compared
with the LM (opposite to the one plotted on Figure 6). It is
to be concluded that such a simple approach does not pro-
vide representative validation results. The reason is mainly
the complex spatial and vertical variability of water vapour
in the lower troposphere. Therefore the assimilation of GPS
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Figure 7. Comparison between GPS (thick line) and SM
forecast of 00 UTC +6h to +30h (thin line) for summer pe-
riod 10 to 20 August 2000. a) IWV as measured and mod-
eled at EXWI - Bern (~ 550 m asl.) b) IWV as measured
and modeled at DAVO - Davos (~ 1600 m asl.) ¢) IWV as
measured and modeled at ANDE - Andermatt (~ 2300 m
asl.).

data from stations with substantial height differences could
produce questionable results and should be either avoided or
treated with special care. This problem is particularly im-
portant for Switzerland where the model orography poorly
matches steep slopes and narrow valleys in the Alps.

3.4. Investigation of summer water vapour with the Swiss
Model (SM)

As the LM forecast was not available in the summer of
2000, the hydrostatic Swiss Model was used for compari-
son with GPS. The summer periods are of particular interest
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for countries like Switzerland as they are characterized with
high IWV amounts and strong cumulus convection and pre-
cipitation. One further reason is that the SM has the same
parameterization schemes as LM. The main differences be-
ing the doubled mesh distance and non - compressibility of
the flow in SM. For the summer period of 2000, the ZTD
data derived by GPS are available with a 2 hour time resolu-
tion. No measurements were collected at the Payerne GPS
station because the GPS receiver was used in a field cam-
paign. In Figure 7 a comparison between SM (thin line) and
GPS (thick line) IWV is plotted for 10 days in mid August
2000 for Bern (Figure 7a), Davos (Figure 7b) and Andermatt
(Figure 7c). The day-to-day variation of IWV is poorly mod-
eled, and differences of 5 mm and more occur. The bias and
std values also indicate increased variability. For the GPS
station at Davos the bias in the summer period is twice that
in winter. For completeness the radiosonde data are plotted
in Figure 7a, and it is to be noted that they are in relatively
good agreement with the GPS data.

The SM validation over the winter period of 2000 to 2001
showed similar results to the one already discussed in sec-
tion 3.b (LM verification). Therefore it may be concluded
that it is more difficult to accurately predict the IWV amount
in summer.

3.5. Tracking regional and temporal variability of IWV

The potential of GPS retrieved water vapour as a valu-
able source of information for mesoscale numerical model-
ing, lies in its ability to track short-term local variations in
the water vapour field. This is illustrated in Figure 8, where
the IWV amounts are plotted for the period of 26th to 30th
November 2000 with one hour time resolution. It is observed
that at mid - day on November 27th, a gradual increase in
IWYV is initiated in Payerne (dotted solid line on both fig-
ures 8a and 8b). The maximum amount is reached on 00
UTC of November 28th. Compared with Payerne a short
delay of one hour is observed for the IWV maxima at An-
dermatt. The maxima at Davos (squares on Figure 8b) has
a 3 hour delay relative to Payerne. A careful investigation
of the weather situation on this day confirms that this time
delay correlates well with a warm atmospheric front passing
from west to east. As seen from Figure 1 Payerne is located
in the west part of Switzerland and the distances to Ander-
matt and Davos are 120 km and 220 km, respectively. The
sensitivity of the GPS IWV to the atmospheric phenomena
on short temporal and spatial scales can be observed over the
entire period presented. The daily cycle of IWV is a topic of
further interest, related to the IWV dynamics in the bound-
ary layer, which could be studied with GPS; however this
has not yet been done.
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Figure 8. GPS IWV for Payerne, Andermatt and Davos.
a) IWV at Payerne (PAYE - dotted solid line) and Ander-
matt (ANDE - circles) between 26 and 30 November 2000.
b) IWV at Payerne (PAYE - dotted solid line) and Davos
(DAVO - squares).

4. Conclusions

Atmospheric water vapour has well-pronounced tempo-
ral and spatial variability, which is far from being satisfac-
tory determined. Humidity data is particularly important for
country like Switzerland as it is a ’crossroad” for different
weather circulation patterns. Thus monitoring IWV in the at-
mosphere using the Swiss GPS network, AGNES, provides
a unique opportunity to gain insight into the local variation
of water vapour. It also proves to be a good tool in verifying
the NWP models’s performance.

In this paper, one goal is to validate the GPS-derived IWV
with the IWV from the collocated radiosonde station in Pay-
erne. The agreement of monthly mean difference is in the
range of 0.27 to 0.64 mm over the period November 2000 to
March 2001. In some cases of low stratus cloud and temper-
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ature inversion the radiosonde was found to overestimate the
water vapour amount. One possible reason is the slow re-
covery time of the humidity sensor after cloud passage. The
validation of the NWP mesoscale models was performed for
GPS sites at Payerne, Bern, Davos and Andermatt. Com-
parison of LM forecasted IWV with GPS data in Decem-
ber shows very good agreement with some exceptions where
substantial differences are observed indicating partial failure
of model forecasts. LM monthly mean IWV amounts indi-
cate systematic overestimation for the Swiss Plateau region
and agreement for the high altitude station at Andermatt (~
2300 m asl.). The IWV variation during the summer period
is relatively poorly matched by the SM forecast. The bias
and standard deviation are significant in summer. The GPS
data sensitivity to high temporal resolution atmospheric phe-
nomena i.e. atmospheric fronts has been demonstrated. The
passage of a warm front from west to east have been traced.
It introduces time shifts of the IWV maxima, with respect to
Payerne, of 1 and 3 hours for Andermatt and Davos, respec-
tively. The IWV data from the alpine station Jungfraujoch
(~ 3600 m asl.) give unrealistic, i.e. some negative, val-
ues due to the unmodeled effects of this particular antenna.
Based on the study of the impact of height difference it is
concluded that care should be taken when assimilating GPS
data from stations with model-to-station height differences
of more than 200 m, for instance Davos and Locarno.

As demonstrated in this paper, the GPS retrieved IWV is a
useful tool for monitoring atmospheric humidity. Although
humidity information provided by GPS is not in the form of
a profile, its temporal and horizontal coverage is better than
that provided by the meteorological sounding network. If
treated properly, the GPS information could fill the existing
gap in model data input. This is the main motivation to con-
tinue the work for more efficient use of GPS data in LM.
It is planned to start assimilation via nudging of GPS ZTD.
The assimilation work will be performed in close cooper-
ation with the DWD, Swiss Federal Office of Topography
and MeteoSwiss and will be part of the Swiss contribution
to COST Action 716.
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Abstract

The GPS Networks of Germany and Switzerland, operated by the Geo-
ForschungsZentrum and Swiss Federal Office of Topography, provide Zenith To-
tal Delay (ZTD) measurement from more than 100 permanent GPS sites.

Integrated Water Vapour (IWV) is extracted and compared to IWV derived from
a non-hydrostatic mesoscale model - Local Model (LM), used for operational nu-
merical weather forecast in Germany and Switzerland. For the period April to
December 2001 GPS IWYV is compared against IWV fields from LM. Special at-
tention is paid to the difference between GPS and model data in the day-to-night

behaviour.
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1. Ground - based GPS networks

a. GPS network in Germany

In 1999 the GeoForschungsZentrum (GFZ), Potsdam initiated the establishment
of the German ground - based GPS network within the "GPS Atmosphere Sound-
ing (GASP)” project. This network consists of 83 GPS sites, from Germany and
the neighbouring countries (figure 0.1), processed by GFZ in Near - Real Time
(NRT) mode. The NRT data analysis is based on hourly retrieved data. The
software used is the EPOS.P.V2 package developed at GFZ. The implemented
technique uses a 12 hour sliding window where the result for the latest hour forms
the NRT product. To allow an orbit relaxation in addition to the German net-
work some global IGS sites are used to stabilise the orbit parameter improvement.
The station coordinates are fixed after their coordinates are determined with mm-

accuracy.

b. Automated GPS network of Switzerland

The ground based GPS network of Switzerland (AGNES) was completed in 2001
and consists of 29 permanent receivers sites processed by the Swiss Federal Of-
fice of Topography (Brockmann et al. 2002). The location of the GPS sites is
presented in figure 0.2. The AGNES spatial density is about 50 km providing
hourly data of Zenith Total Delay. The processing is done using the Bernese
Normal Equation Stacking software with a 10° elevation cut - off and in Post
Processed mode. For verification purposes 11 sites have been selected with ap-

propriate model-to-station height difference.



Figure 0.1: The GPS network processed by GFZ. German radiosonde stations (red

squares) are ploted in addition.
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2. Mesoscale limited area forecast model

The limited area nonhydrostatic mesoscale model implemented in the operational
NWP in Germany and Switzerland is a joint development within the Consortium

for Small - Scale Modelling (COSMO).

a. Model configuration at German Weather Service - DWD

The Local Model (LM) is in operational weather prediction at DWD since De-
cember 1999. The LM is nested in the GME global model and has horizontal
resolution of 7 km with 35 vertical levels. The domain is centred in Germany and
has 325x325 points in 2D. The data assimilation scheme is Newtonian relaxation

- nudging (Schraff 1997).

b. Model configuration at MeteoSwiss

The Alpine Model (aLMo) is the Swiss implementation of the nonhydrostatic
fully compressible Local Model. It has been in operational use at MeteoSwiss
since April 2001. Horizontal resolution of alLMo is 7 km or 1/16° with 45 hybrid
vertical levels. The nudging data assimilation has been in operational use since
November 2001. The domain is centred in Switzerland and covers a substantial
part of Europe and the Mediterranean sea (figure 0.3). The operational forecasts

and analysis run on a high performance NEC SX - 5 machine using 12 processors.



Local Model: Orography

CopyTight 2001 Meteoschwez/pka

Figure 0.3: Domain covered by the Swiss configuration of the Local Model -

alLMo.

3. IWYV monitoring in Germany and Switzerland

The model monitoring using GPS derived Integrated Water Vapour IWV) has
been conducted in parallel in Germany and Switzerland. The IWV is extracted
from Zenith Total Delay data following Bevis et al. (1992). The IWV from GPS
is compared to the IWV from the model analyses for the period April - Decem-
ber 2001. The results presented in figure 0.4 show consistency of the bias and
standard deviation for Germany (figure 0.4 a) and Switzerland (figure 0.4 b).
The bias (GPS minus LM) is positive in the summer months (up to 1.07 mm)
and decreases in the winter. The standard deviation variation follows the seasonal

variation of the mean GPS IWYV (thick black line). The ratio of the std to the mean
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Figure 0.4: IWV bias (pink line) standard deviation (blue line) and monthly mean

(black line) for: a) Germany April to December 2001 and b) Switzerland May to
December 2001.
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Figure 0.5: Diurnal IWV cycle from GPS (red line), LM analysis (green line) and
LM forecast (blue line) in the period May to August 2001.

observation is larger during winter, suggesting larger relative errors in situations
with low water vapour amounts.

The diurnal cycle of IWV from LM and GPS has been investigated in DWD for
the period May to August 2001. The comparison can be seen in figure 0.5. The
GPS IWV is systematically higher than the model and describes a different diur-
nal cycle. The GPS (red line) observes an increase of IWV after 6 UTC, with a
maximum at around 16 and a decreases after 18 UTC. LM analysis run tends to be
opposite with a small decrease of IWV during the morning and a minimum around
12 UTC. The LM forecast run (blue line), has a smaller diurnal variation with a
minimum at 12 UTC which is not as well pronounced as in the LM analysis. The
underestimation of IWV in the hours between 6 and 21 UTC can be a reason for

the reported systematic monthly bias in the summer 2001.



4. Conclusions

The monitoring of IWV amount from the limited area forecast model, used for
operational Numerical Weather Prediction in Germany and Switzerland, has been
performed using the ground - based GPS data from GZF and AGNES networks.
The results give similar model performance for Germany and Switzerland. The
model tends to underestimate the water vapour content of the atmosphere, and this
tendency is very well pronounced in the summer months June to September. The
diurnal cycle of the model was investigated in the summer months of 2001. In the
hours between 6 and 21 UTC the model analysis and forecast are systematically
underestimating the IWV. This is a possible reason for the negative monthly bias.
Thus a possible improvement in the diurnal cycle of the model can be expected

through efficient assimilation of GPS data.
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Abstract

The importance of GPS as a monitoring tool in operational Numerical Weather
Prediction has grown in the last decade. The validation of the nonhydrostatic
mesoscale alLpine Model (aLMo) of MeteoSwiss for a period of 30 months is
reported. Data from 14 sites of the GPS Network of Switzerland - AGNES are
compared against the alLMo Integrated Water Vapour (IWV) field. The monthly
bias and standard deviation exhibit strong seasonal dependence with a pronounced
dry bias of the model during the warm months, May to October 2002. The diurnal
IWV cycle in 2001 gives good model performance between O and 9 UTC and
underestimation of IWV by up to 1.5 kg/m? for the rest of the day. In 2002 the
diurnal cycle shows a systematic dry bias in the model. The precipitation verification
for summer 2002 gives a strong model overestimation of light precipitation amounts
(below 0.1 mm/6h). It is expected that a strong correlation between the dry IWV bias
and significant precipitation overestimation exist in this summer period. The results

demonstrate the usefulness of GPS data for model monitoring.



1. Introduction

Water vapour plays a key role in the hydrological cycle and atmospheric radiation. It
is actively participating in the processes of precipitation formation, energy transfer and
atmospheric stability. In addition water vapour has a short life time in the atmosphere of
about one week and significant spatial and temporal variation, which affect both climate
and Numerical Weather Prediction. This makes the observations a challenging task.
Traditionally observations of water vapour are made through balloon-borne soundings.
The radiosonde network provides a world wide coverage but its poor temporal resolution,
typical two soundings a day, is not sufficient enough to study water vapour variations
at different temporal and spatial scales. From the existing satellite observations the
extraction of water vapour is still a challenging work over the vegetation covered surfaces
of the Earth. This is however not the case for the ground - based Global Positioning
System (GPS). The advantage of GPS is that it operates in all weather conditions, provides
low temporal resolution data (every hour or less) and has dense spatial coverage, more
than 300 receivers are operating only in Europe. It is inexpensive, easy to operate and its
potential is expected to increase with the new European project GALILEO (the European
Satellite Navigation System) in operational service from 2008.

In Europe two projects, funded by EU, have been dedicated to the use of GPS in
mesoscale meteorology. The first of them, the MAGIC project (Haase et al. 2002),
studied the variability of the GPS derived water vapour measurements in the western
Mediterranean area. The second, COST Action 716 (Elgered 2001), initiated in 1999, has
the objective to explore the application of GPS data in operational NWP in Europe. Within
this Action the task of Working Group Three was to validate the data and to perform
assimilation experiments (Elgered et al. 2003). The Swiss contribution to COST 716 is a
collaboration between Swiss Federal Office of Topography (Swisstopo), Federal Office
of Meteorology and Climatology (MeteoSwiss) and the Institute of Applied Physics,
University of Bern (IAP, UniBe). The first model validation was performed using the

measurements from the Automated GPS Network of Switzerland (AGNES) processed by
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Swisstopo. The operational NWP system of MeteoSwiss the hydrostatic Swiss Model and
the Swiss version-aLLpine Model (alLMo) of the nonhydrostatic Local Model (LM) have
been compared against the GPS measurements from six sites in the period November
2000 to March 2001 (Guerova et al., 2003a).

Further work on monitoring the IWV field of NWP models was completed by Yang et al.
(1998), Kopken (2001), Haase et al. (2002), Tomassini et al. (2002). Haase et al. (2002)
performed a NWP model (HIRLAM) validation for a period larger than two years. The
results show a seasonal dependence of the model bias and standard deviation. Tomassini
et al. (2002) reported a dry bias in the LM model and a dry bias in diurnal cycle in the
day time hours.

The objective of this study is to validate the water vapour field of the operational NWP
system of MeteoSwiss, using the GPS Network of Switzerland (AGNES). In section 2
a description of the data sets is given. The verification of aLMo with GPS data from
AGNES for the period January 2001 - June 2003 is presented in section 3. A summary

and conclusions can be found in section 4.

2. Datasets used

a. Global Positioning System (GPS) data

AGNES, the ground-based GPS network of Switzerland, is operated by the Swiss Federal
Office of Topography (Swisstopo). It is primarily used for navigation and surveying
purposes in post processing and real time mode. The network has been completed in
2001 and has 30 permanent receivers providing a spacing of 50 km (Brockmann et al.
2001). For estimation of hourly Zenith Total Delay (ZTD) the Bernese 4.2 software
package (Rothacher and Marvart 1996) with Niell mapping function and 10° minimum
elevation angle is used. In this study the data from twenty AGNES sites are compared to

the aLMo. The site locations are represented by white dots in figure 1. The GPS IWV is
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retrieved from the Zenith Total Delay (ZTD) following the standard extraction procedure
described in Bevis et al. (1992) and Emardson et al. (1998). The meteorological data,
surface temperature and pressure, are obtained from the surface observation network of

MeteoSwiss (ANETZ).

Figure 1: Automated GPS Network of Switzerland - AGNES. The sites used for

verification are marked with white dots.

b. Numerical Weather Prediction (NWP) data

At the Federal Office of Meteorology and Climatology (MeteoSwiss) the nonhydrostatic
COSMO model (COnsortium of Small scale MOdelling Doms and Schaettler 2001), is in
operational NWP since 1 April 2001 with a preoperational test from September 2000 to
March 2001. The Swiss implementation of the model-alLMo has a horizontal grid of 7 x
7 km (1/16°), 45 vertical levels from the surface up to 20 hPa in a generalized terrain-

following co-ordinate system. The alLMo analyses are obtained via interpolation of

4



driving model analyses - German Global Model (GME). The model prognostic variables
are : temperature, perturbation pressure, horizontal and vertical wind velocity, water
vapour, cloud water and air density. The aLMo IWV is computed as in equation 1. For
each GPS site the grid point selection is based on smallest height difference. For the
first fourteen sites in table 1 the height difference is less than or about 50 m and they are
selected for the validation. For the remaining six sites the height difference is larger than

50 m and they are given for completeness.

c. Radiosonde data

There is one radiosonde sounding site in Switzerland located at Payerne (Swiss Plateau
region). A balloon sounding (sonde type SRS 400, MeteoLabor, Switzerland) is
performed twice a day (00 and 12 UTC) measuring temperature, pressure, humidity and
wind profiles.

A fast response VIZ ACCU-LOK carbon hygristor is used to measure relative humidity.
During the radiosonde preflight procedure, the lock-in humidity resistance is introduced
in the data acquisition software and the sensor. The operating range extends from 0 to 100
% relative humidity (RH), and from - 60 to +40 °C, with an accuracy of 2 % RH (rms)
(Richner 1999).

The radiosonde IWV amount is calculated using:

htop
wv = [ pun(h)an )

ho

where p,,, is water vapour density, 4 is height in meters, and IWV is in kg/m?.



Table 1: Station name, height above sea level (asl.) of: the GPS sites, the aLMo grid

point, and the difference of GPS and alLMo.

GPS site GPS height | aLMo height | GPS - aLMo
[m] asl. [m] asl. difference [m]

1. Payerne (PAYE) 498 495 3
2. Lausanne (EPFL) 409 404 5
3. St.Gallen (STGA) 707 711 -4
4. Zimmerwald (ZIMM) 906 908 -2
5. Saanen (SAAN) 1368 1379 -11
6. Luzern (LUZE) 493 503 -10
7. Geneve (GENE) 419 432 -13
8. Zurich (ETHZ) 547 536 11
9. Muttenz (FHBB) 329 315 14
10. Neuchatel (NEUC) 454 431 23
11. Stabio (STAB) 366 397 -31
12. Andermat (ANDE) 2317 2360 -43
13. Bern (EXWI) 577 624 -47
14. Kreuzlingen (KREU) 483 430 53
15. San-Bernadino (SANB) 1653 1841 -188
16. Davos (DAVO) 1598 1785 -187
17. Uznach (UZNA) 428 682 -254
18. Locarno (LOMO) 388 685 -300
19. Samedan (SAME) 1711 2217 -506
20. Jungfraujoch (JUJO) 3584 3599 -15




3. Results

a. Intercomparison of GPS and radiosonde data for Payerne

The radiosonde IWV data is compared to the GPS data from the collocated site PAYE.
In figure 2 are plotted the results for 00 and 12 UTC in 2001, 2002 and 2003. The bias
is computed separately for 00 and 12 UTC soundings. At 12 UTC the radiosonde has
less IWV compared to the GPS by 1.45 and 0.89 kg/m? in 2002 and 2003, respectively.
At 00 UTC of the same period the agreement between the two measurements is good.
On the contrary in 2001 the mid-day sounding has much better agreement with GPS than
the mid-night one. The 00 UTC sounding has on average 1 kg/m? more IWV than the
GPS derived one. One possible reason for the differences in the day-night biases in 2001
and 2002-2003 can be the change in GPS data processing introduced in mid September
2001. In addition the radiosonde observations at 12 UTC are corrected for the impact
of the solar heating, and this correction is possibly influencing the estimation of relative
humidity. However, this does not explain the differences between 2001 and 2002-2003.
Note that the number of intercomparisons is less than 400 per year, which is possibly
influencing the statistics.

The further validation of the GPS derived IWV will be performed with independent
measurements from the Microwave Radiometer TROWARA, operated at Institute of
Applied Physics, University of Bern, and the sunphotometar network of MeteoSwiss -

CHARM. Special attention will be devoted to the day-night bias of the GPS derived IWV.

b. Monthly statistic from verification of alLMo forecast using GPS data

The model bias and standard deviation (see appendix) are calculated on monthly bases
for the forecast hours from O to +23h, i.e. first day forecast. The results presented in
figure 3 are averaged over 14 stations (model grid points) in the period from January 2001

to June 2003. Noted that the monthly mean GPS IWV is to be multiplied by ten. A clear
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Figure 3: Monthly IWV model bias and standard deviation in the period January 2001 to
June 2003 averaged over 14 Swiss sites. Note that the monthly mean IWV from GPS is

to be multiplied by ten.

seasonal dependence of both the bias and the standard deviation (std) is seen. Generally,
the bias is significant in the warm months June to September as is very well pronounced
in 2002. In the period December to March the model bias rarely exceeds -0.5 kg/m?.
The model tends to underestimate the IWV amount reported by the GPS measurements
i.e. the model exhibits a dry bias. This result is consistent with model verification with the
German Network reported in Tomassini et al. (2002). Some differences are seen when the
year 2001 and 2002 are compared. In 2002 the dry model bias is well below -1 kg/m? and
the std ranges from 1.5 to 2.8 kg/m? in the period May to October. In 2001 the dry bias
in the model is less pronounced and varies between -0.4 and -0.9 kg/m?. The monthly
mean IWV in summer 2001 and 2002 are in the same range, which does not explain the
difference in the bias. A possible reason could be the already mentioned change in the
GPS processing in September 2001. A further investigation will be however necessary to

make more accurate conclusions.



In addition it is interesting to investigate the site dependent bias and std. In figure 4 to 7
the bias and std histograms for 20 GPS sites are plotted. The interpretation of the results
will start with the sites PAYE (first plot in figure 4), EPFL (second plot in figure 4),
STGA (third plot in figure 4) and ZIMM (fourth plot in figure 4), which are at the same
height as the model orography (see table 1).

For the site PAYE the overall dry bias in aLMo is seen only in the summer time of 2002.
During the cold months the model forecast is successfully predicting the water vapour
content of the atmosphere and the bias is small, in the range + 0.2 to 4 0.5 kg/m?. This
result is possibly due to the collocated radiosonde measurements assimilated in the model
and providing a good initial state for the forecast. The model is performing very well
for the site EPFL located some 60 km south from PAYE. There the typical dry bias is
identified only in the three summer months of 2002. For the remaining two sites STGA
and ZIMM the model dry bias is present during the entire period under investigation. It is
to be noted that the altitude of the sites is about 200 and 400 m above the average Swiss
plateau height (about 500 m), and this can be a reason for the persistent dry bias.

For the remaining 10 sites a pronounced dry bias is well detected in the summer months
of 2002. A bias in the range of 1 to 1.8 kg/m? is well seen for EXWI (first plot in figure
6), FHBB (third plot in figure 5), GENE (first plot in figure 5) and LUZE (sixth plot in
figure 4). Note that for the two alpine sites SAAN (at 1368 m asl.) and ANDE (at 2317 m
asl.) the IWV monthly bias in June, July and August of 2002 is exceeding 2 kg/m?. The
same is true for the site STAB located in southern Switzerland. The bias reported from
these three sites is contributing substantially to the overall bias seen in summer 2002. The
GPS IWYV derived from the site JUJO is continuously underestimating the model IWV.
This site is often measuring negative IWV due to uncorrected antenna phase centre model

(Guerova et al., 2003).
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Figure 4: IWV bias, standard deviation and GPS monthly mean for: PAYE, EPFL, STGA,
ZIMM, SAAN and LUZE. Note that the monthly mean IWV from GPS is to be multiplied

by ten.
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Figure 5: IWV bias, standard deviation and GPS monthly mean for: GENE, ETHZ,
FHBB, NEUC, STAB and ANDE. Note that the monthly mean IWV from GPS is to

be multiplied by ten.
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c. Diurnal cycle of IWV and precipitation

The diurnal variations of atmospheric water vapour affect atmospheric long wave
radiation and atmospheric absorption of solar radiation (Dai et al., 2002). It is also
related to many other processes such as atmospheric stability, diurnal variation of moist
convection and precipitation, surface wind convergence and evapotranspiration. The
diurnal IWV cycle from GPS and alLMo are investigated in this section of the manuscript.
Attention is paid to the link between IWV and precipitation variations.

The diurnal water vapour cycle has been investigated for the summer months, from May
to October, of 2001 and 2002. The comparison is plotted in figure 8 and figure 9,
respectively. The diurnal cycle of IWV in 2001 presents a good agreement between
GPS and alLMo in the hours between mid-night to 9 UTC and a dry bias of the model
in the range 0.5 to 1.5 kg/m? for the rest of the time. At 12 UTC in July, August and
September the dry bias of the forecast is reaching 2 kg/m?. This amount is about 1
kg/m? larger than the one reported by Tomassini et al. (2002) and by Guerova and
Tomassini (2003b). Precipitation verification in summer 2001 (June to August) gives
the maxima of precipitation in the mean about 3-6 hours too early. High precipitation
amounts (10 mm/6h) are underestimated for grid points below 800 m asl. (by 30%) and
slightly overestimated (10%) above. The rare very high amounts (30 mm/6h, observed in

0.2% of all cases) are again overestimated over all height regions ( by more than 50%).
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Figure 8: Diurnal cycle of IWV from alLMo forecast (dash dotted line) and GPS (solid
line) in the period May - October 2001. A dry bias of the range 1 to 1.5 kg/m? is seen in

the hours between 10 and 23.

The diurnal cycle in 2002 clearly demonstrates the model (dashed line) underestimation
of IWV amount measured by GPS (solid line). For the period May to October (see
figure 9a to 9f) a systematic IWV underestimation in the range 2.0 to 2.8 kg/m? is
found. From precipitation verification in summer 2002 (June, July and August) done
at MeteoSwiss, using the ANETZ synop observations, the following summary is given:
precipitation amounts are overestimated: for grid points below 800 m asl., by ~ 50 - 60 %
for light precipitation amounts (0.1 mm/6h threshold) and by ~ 10% for high precipitation
amounts (larger than 10mm/6h). For grid points below 800 m, the daily maxima are
forecasted too early and are too pronounced, the evening maxima (at 16 UTC) 2-3 hours
too early and the second maxima during the night (at 02 UTC) 4 hours too early. From
the precipitation and IWV verification it can be concluded that a possible coupling exists
in 2002 i.e. too less water vapour and too much light precipitation. Thus it is a important

to further investigate the water vapour cycle of the model as it is with relevance in the
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future assimilation of GPS derived IWYV in aLMo. The future alLMo validation work will

include intercomparison with model analysis.

4. Summary and conclusion

Monitoring IWV forecast of the alpine Model, the operational NWP model of
MeteoSwiss, has been performed over two and half years, from 2001 to 2003, using
the GPS measurements. The ground - based GPS data from 30 permanent Swiss sites is
processed by Swiss Federal Office of Topography in post processed and near real time
mode. In this study the post processed data have been used. 20 GPS sites have been
selected based on availability of surface meteorological observations. The model monthly
bias and standard deviation for 14 sites exhibit a seasonal dependence with pronounced
dry bias in the summer 2002. The diurnal IWV cycle in aLMo exhibits underestimation
of the IWV in the day time hours of 2001 and over the entire day in 2002. The strong
dry bias, reaching 2.8 kg/m?, seen in the model forecast in 2002 is possibly coupled with
the reported overestimation up to 50% of the light precipitation events. The results of the
diurnal cycle monitoring are of relevance for the planned future operational assimilation
of GPS derived IWV in alLMo. The reason for the fast water vapour transformation to
liquid water and then precipitation is possibly a model deficiency on parameterization
level or inadequate vertical distribution of water vapour content, i.e. too much at the
condensation level height and too little in the boundary layer.

The future work of monitoring alLMo with GPS derived IWV will also consider the model

analysis field.
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data.

Appendix : Definition of statistics

For computation of the bias and standard deviation the following definitions are used:

N
_ 1
bias = — > (AW Vi — IW V) (2)

i=1

rms —

N
> (IW Vi — IW V)2 3)

=1

std = vVrms? — bias? 4)

1
N

where [WV;,,, and IWYV,, are model and observation IWV values, respectively, at a given

time and location. /N is number of cases.
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Abstract

This report covers the main activities carried out during the COST 716 Short Term
Scientific Mission to the Deutscher Wetterdienst in April 2001. The objective of
this mission was to check and improve the GPS assimilation subroutines in the
Local Model (LM). In addition an impact experiment has been computed for a
frontal passage on April 3, 2001. The results present a successful correction of
the model Integrated Water Vapour field at 06 UTC and a minor impact at 12, 18
and 21 UTC. No marked impact on temperature, cloud cover and precipitation
fields is reported. From the LM monitoring with the real-time GPS observations

a problem of radiosonde observation was identified.
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1. Short Term Scientific Mission at Deutscher Wet-

terdienst (DWD)

The Short Term Scientific Mission (STSM) involved Guergana Guerova, of the
University of Bern, Switzerland visiting the Deutscher Wetterdienst (DWD), Of-
fenbach Germany for one month. The visit was approved by the Management
Comity of COST Action 716 “Exploitation of ground based GPS for climate and
numerical weather prediction application”. The aim of this STSM is related to the
application of GPS in operational Numerical Weather Prediction in Switzerland.
The visit was conducted in April 2001. The main work undertaken is summarised

below.

a. Nudging of GPS observations

The assimilation system of the Local Model (LM) of DWD employs the Newto-
nian relaxation - nudging concept (Schraff 1997). The model’s prognostic vari-
ables are relaxed towards a prescribed value within a fixed time window. The
relaxation in LM is performed towards direct observations. The nudging equation

for the specific humidity - ¢ and for a single observation has the following form:

0

&(](t) = Q(q) + G(I'Wq'[qobs — qmod], (01)
where Q denotes the model physics and dynamics, g5 and ¢,.q are the observed
and the model specific humidity, G, = 6.107*s™" is the coefficient defining the
relaxation time, and W, = W, (z).WW,(t) consists of spatial and temporal weights
and of a quality factor. The second term in equation (1) is the nudging term and

the part [gops — Gmoa] 18 for the observation increment. For the horizontal spreading
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of the observation increments the following weight function is used:
W,(z) = (1+x/s)e */, (0.2)

where z is the distance between the model grid point and the observation and s
is a correlation length. The temporal weight function W,(t) equals one at the
observation time and decreases linearly to zero at 1.5 hours before and 0.5 hours
after the observation time, i.e. a 2 hour asymmetric time window is used. The
observation density is also taken into account to set the value of WW,.

In the nudging scheme a direct assimilation of an integrated quantity is not pos-
sible. Thus, an indirect assimilation procedure based on Kuo et al. (1993) was
developed at DWD (figure 0.1). The GPS Zenith Total Delay (ZTD) observa-
tion is treated initially similar to a surface observation. Temperature and pressure
from the model are interpolated to the height of the GPS station for the extrac-
tion of Integrated Water Vapour IWV) information from ZTD. The model IWV

is computed as a height integral of water vapour density:

htop

wy = - f puwo(h)dh 0.3)

who

where p,,, 1s water vapour density, /4 is height in meters and p,, is density of liquid
water and IWV is in kg/m?. The model initial specific humidity profile is then
modified by the ratio (K in figure 0.1) of the IWV observation IWV_gps figure
0.1) to the IWV model (IWV_Im figure 0.1). All model layers above the GPS
station height and below 500 hPa (about 5.5 km) are corrected. When a relative

humidity value exceeds 100 % the level is set to saturation.
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Figure 0.1: Nudging of GPS derived IWV employed in LM (after Kuo et al.,
1993).

b. Checking the GPS related subroutines

The data assimilation concept of the LM has a complicated structure involving
interactions between different modules. The part of the LM code dedicated to
the assimilation of GPS data was developed at DWD in co-operation with the
GeoforschungsZentrum (GFZ) within the German project: "GPS Atmospheric
Sounding (GASP)”. In order to assimilate GPS data, two new subroutines were

written and a significant number of modifications in about ten existing model
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routines were required. A subroutine for reading the data in COST 716 format
was a starting point for introducing the GPS observation in the nudging process.

The GPS-related subroutines were checked.

c. Modifications introduced in the assimilation code

Changes were introduced in the code in order to check the input data and to pro-
duce output for control and statistical purposes. It was also decided to introduce
in the code the minimum threshold of 2 kg/m? for the assimilation of GPS TWV.
Very low IWV amounts were found to give an incorrect GPS humidity profile
retrieval in some particular weather situations (e.g. strong humidity gradient on
winter nights, well depicted by the model, were excessively smoothed by low GPS

IWYV values).

2. Set up of impact experiment with GPS real - time

data

The data selected for the experiment are from 40 stations of the German network
processed in near real time by the GeoforschungsZentrum (GFZ) in Potsdam, Ger-
many. These data are also available since February 2001 within the near real time
campaign agreed in COST 716. The day chosen for impact experiment is 3 April

2001. As seen from figure 0.2, during this day a cold front is crossing Germany.
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Figure 0.2: Surface synop chart at 12 UTC April 3. Note that a cold weather front

is crossing Germany.

3. Results

a. Impact experiment on April 3, 2001

A continuous GPS assimilation was run between 00 and 21 UTC on April 3, 2001.
The model was fed with hourly GPS observations. On average 32 out of the 40
selected stations were assimilated.

After 6 hours of continuous nudging of the GPS data some relevant phase dif-
ferences between the experiment with GPS and the operational LM run without
GPS (reference analysis) were to be seen, as shown in figure 0.3a. From this
IWYV difference field (GPS minus reference) at 06 UTC it is clearly seen that the
frontal edge is located too far eastwards with respect to the gps run. The corrected

location of the frontal line resulted in a substantial decrease in IWV of the order
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Figure 0.3: IWV difference over Germany on April 3 2001 at a. 06 UTC and b.
12 UTC. Note the frontal zone shift at 06 UTC.

of 3 to 4 kg/m? in the GPS experiment. Over Northern Germany this correction
reaches the maximum value of 5.5 kg/ m?2, i.e. some 20% of the maximum IWV
amount. The overall difference for the entire LM domain is -0.29 kg/m?. On the
left side of the frontal line the GPS assimilation resulted in an increase in the IWV
value in the range of 1 to 3 kg/m?. This phase shift demonstrates a tendency in
the model to speed up the cyclone passage.

At 12 UTC the mean difference is vary small (figure 0.3b). This can be explained

by the availability at this time of radiosonde observations which offer a good spa-
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Figure 0.4: Temperature difference over Germany on April 3 2001 at a. 06 UTC
and b. 12 UTC.

tial coverage over Germany.

The impact of GPS data on the 2m temperature field is presented in the differ-
ence plot in figure 0.4. At 6 UTC the 2m temperature difference does not present
a typical pattern and is in the range 4+ 1 K. A more pronounced difference pattern
is seen at 12 UTC (figure 0.4b). Over central and eastern Germany the differences
can be as high as 2.8 K and as low as -2.3 K. The reason is possibly the accumu-
lated impact of the GPS data assimilation. Thus it is concluded that the overall
impact on the 2m temperature is small.

The precipitation fields from the LM reference and GPS runs have been investi-

gated in addition, and only minor differences can be seen. In comparison with the
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radar and synop precipitation observations, the LM overestimates the precipita-

tion amount over Germany.

b. Real - time monitoring of LM

The monitoring of the operational LM analysis with the real -time GPS data is
done on a daily basis at DWD. One interesting case was found on 24 April 2001
at 00 UTC. In figure 0.5 the LM IWYV field is plotted as a background colour map.
The circles show the position of the GPS stations and their colour the measured
IWV value. A visual inspection of the LM field gives a relatively homogeneous
IWYV distribution over central and eastern Germany with values in the range of
10 to 15 kg/m?. On the boundary between Germany and the Netherlands a lo-
cal IWV maximum of more than 20 kg/m? is to be seen (in green and orange
colours). The nearby GPS site reports at the same time an IWV of 10 kg/m?. The
reason for this discrepancy was identified to be the assimilation of an incorrect
radiosonde observation. The problem arose by assimilation of an incorrect single
level temperature observation from a nearby radiosonde station. This incorrect
observation (temperature 10 degrees higher than the model) was at a height of 3
km and went through the model quality control, resulting in almost doubling of
model water vapour. The spatial radius of influence of this observation can be
well seen. This case was identified in the early morning of April 24 and at mid
day the corrected 00 UTC analysis has been available. Thus it is to be concluded
that the model verification with the real-time GPS derived IWV is valuable for

quality control of the standard meteorological observations.
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Figure 0.5: LM IWV field (colour map) and the GPS observations (circles). A

false IWV maximum at the boundary between Germany and the Netherlands.

4. Conclusions

The work completed during the COST 716 Short Term Scientific Mission at DWD
was a starting point for assimilation experiments with the Local Model using the
real-time GPS data. From the assimilation experiment conducted it can be con-
cluded that the Local Model is sensitive to the assimilation of GPS derived water
vapour and this sensitivity is demonstrated in a correction of up to 20 % in the
model IWYV field during a cold front passage. The impact on 2m temperature and
precipitation is relatively small. The monitoring of the operational LM analysis at
00 UTC on the 24 April resulted in the identification of an incorrect radiosonde

observation.
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5. Planned future work

The work initiated during the mission was a starting point for the introduction of
GPS data and subsequent experiments in Switzerland. It provided an excellent
opportunity for exchange of knowledge and experience on modelling and data as-
similation. A number of discussions on the efficient GPS assimilation took place
with M. Tomassini, Ch. Schraff and W. Wergen. The GPS observations, their
quality and possible problems in the nudging process have also been considered.
It was also valuable with respect to exchange of information on the Local Model
verification done in both Germany and Switzerland.

The work continued with implementation of the GPS routines in MeteoSwiss ver-
sion of LM. Assimilation experiments using the Swiss GPS network (AGNES)
were conducted for two week periods in 2001 and 2002 with the Swiss imple-
mentation of the Local Model - aLMo. The verification of the results from the
analysis and forecast GPS impact experiments covered: precipitation, 2m tem-
perature, humidity and cloud cover fields. The results obtained from four impact

experiments are summarised in Guerova et al. (2002 and 2003).
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Abstract. A high resolution (7 km) limited area model called alLpine Model
(alLMo) is used for operational Numerical Weather Prediction (NWP) at Me-
teoSwiss. A continuous data assimilation scheme based on the nudging technique
produces the initial conditions for the forecast. Since November 2001 all stan-
dard meteorological observations have been routinely assimilated. The goal of this
study is to evaluate the benefit of introducing GPS-derived Integrated Water Vapour
(IWV) in this scheme. In this first observing system experiment, data provided
for COST action 716 are used. A two week period in mid September 2001 was
selected, characterized by an advective weather regime and intense precipitation
events. On average observations from 80 European GPS sites are assimilated
by the model. Results presented here are based on the alLMo assimilation cycle
only, the impact on the forecast has not been evaluated. This experiment shows a
tendency for GPS data to increase the model IWV amounts in the day-time, and
shows a substantial impact of GPS in the southern part of the model domain. The
negative bias of the model IWV daily cycle is mainly corrected by assimilating
GPS data. An improvement of the daily precipitation cycle over Switzerland for
the grid points below 800 m is also observed in the GPS run. The bias precipitation
score confirms the better model performance when the GPS data are assimilated.
This experiment has also revealed a weakness in the way the IWV is assimilated.
In presence of highly inhomogeneous humidity fields an isotropic influence of the
IWV increments can be detrimental. The first GPS assimilation results are consid-
ered encouraging but need to be consolidated. New assimilation experiments will
be performed to investigate the GPS data impact for different weather regimes.

1. Introduction of the least known and hence all instruments providing in-
sight into the variability of water vapour are considered es-

Atmospheric water vapour belongs to the most important sential in Numerical Weather Prediction (NWP).
weather forming components of the troposphere. However,  In the last years it was expected that the satellite-borne in-

due to its high temporal and spatial variability it is also one



Figure 1. Location of GPS sites(red dots) assimilated over
the aLMo domain.

struments like SSM/I (Special Sensor Microwave/Imager)
and AMSU (Advanced Microwave Sounding Unit) would
deliver water vapour information with the high temporal and
spatial resolution needed for the NWP models. The success
of satellite based instruments in retrieving information over
ocean surfaces, has resulted in routine assimilation of satel-
lite radiances in global NWP models. But it is also true that
satellite retrievals of tropospheric water vapour over vege-
tation covered areas pose problems and remain a research
topic. This opens the way for another source of water vapour
retrieval, namely the ground-based GPS (Global Positioning
System).

In the last decade a number of validation studies have shown
the quality of GPS-derived Integrated Water Vapor (IWV)
compared with radiosondes (Ohtani and Naito 2000), mi-
crowave radiometers (Emardson et al. 1998, Liou et al.
2001) and also VLBI (Very Long Baseline Interferometer)
(Niell et al. 2001). Moreover, the validation of NWP models
with GPS - IWV have been reported in several publications
(Yang et al. 1999, Koepken 2001, Guerova et al. 2002). It
is now accepted that GPS has a clear potential for verifying
NWP model performance.

Within the European COST Action 716 “Exploita-
tion of ground based GPS for climate and numerical
weather prediction application”, GPS data from north-
ern, western, central and southern Europe have been
collected and are available for research studies. A
part of COST 716 is the Near Real Time Campaign
(http://www.knmi.nl/samenw/cost716/), which started in
March 2001 and proved that GPS Zenith Total Delay (ZTD)
estimates could be available within a time window of 90 min,
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as required for operational weather forecasting. At present
the assimilation of GPS in NWP systems has been consid-
ered by a number of European Meteorological Offices, one
of which is the Federal Office of Meteorology and Climatol-
ogy in Switzerland (MeteoSwiss).

This paper presents the first assimilation experiment with the
operational NWP system of MeteoSwiss, the Alpine Model
(aLMo). In section 2 a description of the alLMo data assimi-
lation scheme is given. The experimental set up is presented
in section 3. The results from the assimilation experiment
are discussed in section 4. Summary and conclusions can be
found in section 5.

2. Alpine Model: assimilation of the GPS
retrieved IWV

ALMo is a nonhydrostatic limited area mesoscale model
used for operational NWP at MeteoSwiss since 1st of April
2001. The model domain extends from 35.11°N, -9.33°E
to 57.03°N, 23.42°E and is covered by a mesh of 385 by
325 points with a horizontal resolution of about 7 km; it
covers most of western Europe (see figure 1). A gener-
alised terrain-following vertical coordinate system has been
used, with 45 levels from the surface up to 20 hPa (Doms
et al. 1999, 2001). ALMo is the Swiss configuration of the
COSMO (COnsortium for Small-Scale MOdelling) model
developed by the National Weather Services of Switzerland,
Italy and Greece under the lead of the German Weather Ser-
vice (DWD).

At MeteoSwiss two 48-hour forecasts are performed daily
(at 00 and 12 UTC) with initial conditions obtained from a
continuous data assimilation cycle. This assimilation cycle
is based on a Newtonian relaxation technique, the nudging
of model fields towards direct observations (Schraff, 1997).
This scheme has been tested in the period April - November
2001 and has been integrated into the operational environ-
ment.

The ZTD derived from GPS measurements is assimilated
in aLMo in four steps. First, ZTD is converted into Inte-
grated Water Vapour following Bevis et al. (1992) using the
model temperature and surface pressure. Second, GPS IWV
is compared with aLMo IWV and an IWV ratio (GPS versus
alLMo) is calculated. Third, using this ratio the model spe-
cific humidity profile is shifted from the surface up to 500
hPa (Kuo et al. 1993). Fourth, the model specific humidity
increments are spread laterally using an autoregressive hori-
zontal weight function with a typical scale of 70 km.

3. Experimental set up

The GPS data provided by the Near Real Time Cam-
paign have been used for this first observing system ex-
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periment. Data were processed by five Processing Cen-
ters, namely: GFZ (Potsdam, Germany, http://www.gfz-
potsdam.de/), GOP (Pency, Czech Republic), IEEC
(Barcelona, Spain, http://www.ieec.fcr.es/), ASI (Matera,
Italy, http://www.asi.it/) and LPT (Wabern, Switzerland,
http://www.swisstopo.ch/). The data provided by LPT are
from post-processed solutions. The post-processed GPS so-
lutions are obtained using precise satellite orbits while the
near-real time data are calculated with predicted orbits. The
time resolution of the data varies from 15 to 60 min. As seen
from figure 1 the data density is very good over Germany and
Switzerland; observations are also available in Italy, UK and
Spain but no data are available in France. This is a real draw-
back of the data set used, because French data could bring
up-wind information, which is essential for the forecast in
Switzerland.

As discussed in section 2, MeteoSwiss calculates two daily
alLMo forecasts and a continuous data assimilation cycle
(analysis) where the model is continuously forced towards
actual observations in order to produce the best possible
state of the atmosphere. The experiment described in this
paper only considers the assimilation mode. Follow-up ex-
periments will also consider the forecast mode.

The assimilation period from 9 to 23 September 2001 was
selected. It was characterized by intense atmospheric circu-
lation, front passages and cyclogenesis in the Gulf of Genoa.
All standard meteorological observations are assimilated
(synop, buoys, temp, aircraft wind and temperature), but no
satellite data are used. A reference analysis is calculated
with this observation set and a GPS analysis is obtained by
adding GPS derived IWV information to this set.

In this experiment aLMo is nested in the ECMWF global
model. The boundary conditions for the aLMo assimilation
cycle are obtained from the ECMWEF 4D - var assimilation
cycle. The same boundary conditions are used for both GPS
and reference runs.

4. Results of the assimilation experiment

4.1. Case study: September 9th 2001

Figure 2 shows the IWV differences for the 9th Septem-
ber 2001 at 6, 12 and 18 UTC. From the 6 UTC plot (fig-
ure 2a) it can be seen that IWV in northern Italy and in the
Gulf of Genoa has been decreased by assimilating GPS (blue
color). However, six hours later, at 12 UTC, a strong in-
crease is seen over the sea with a maximum value of + 23
mm. This ”wet patch” further intensifies and reaches a max-
imum of + 33 mm in the 18 UTC plot; its shape displays a
south-eastern elongation.

The 850 hPa wind field (figure 3) shows a cyclone in the
Baltic sea region (the upper right corner in figure 3) and a

LM Analysis for Sunday 9 September 2001 06 UTC
Integrated water vapor difference to reference

From assimilation cycle

Mean: -0.077 Units: mm H20

|
7.6 -4 -2 - 1 2 4 6.3

oW - o
MAGICS 5.5 terra - tsm Mon Jan 14 17:05:11 2002 $11

LM Analysis for Sunday 9 September 2001 12 UTG
Integrated water vapor difference to reference

From assimilation cycle

Mean: 0.267 Units: mm H2(

| |
85 -8 -4 -2 -1 1 2 4 8 230

s oW 0
MAGICS 5.5 terra - tsm Mon Jan 14 17:08:13 2002 $11

LM Analysis for Sunday 9 September 2001 18 UTG
Integrated water vapor difference to reference

From assimilation cycle

Mean: 0.337 Units: mm H2(

B oW 0
MAGICS 5.5 terra - tsm Mon Jan 14 17:11:26 2002 $11

Figure 2. Analyzed IWV differences (GPS minus reference
run) on 9th September 2001 a) at 6 UTC b)at 12 UTC c) at
18 UTC.
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Figure 4. IWV at the GPS site Genoa (GENO) on Septem-
ber 9th 2001. Black dashed line for the reference run versus
red dashed line for the GPS experiment.

strong wind channeling between the Pyrenees and the Alps.
In the region of Genoa the wind is light with an intensi-
fication about mid-day (figure 3b). This is the reason for
the further advection of the IWV patch in southeast direc-
tion reported at 18 UTC. On the other hand, the predomi-
nantly light wind observed throughout the day explains why
the generated wet patch remains in the Gulf for a significant
amount of time. Only at about 0 UTC on September 10th
will the patch vanish.

Note, that the closest GPS site assimilated in the model
is Genoa (GENO). The IWV at the grid point Genoa for
the GPS experiment (red dashed line) and the reference run
(black dashed line) are plotted in figure 4. The trend shows
a gradual decline of IWV for the GPS experiment, starting
from a value of 30 mm at 0 UTC and ending to a value
slightly higher than 10 mm at 23 UTC. In contrast, the IWV
from the reference run registers a sharp drop from 23 to 15
mm between 7 and 8 UTC. The IWV differences at Genoa
are in the range from +4 to +7.5 mm between 8 and 19 UTC.
These values are much more realistic than the ones obtained
over the sea in the Gulf.

The weather situation during this day has been examined
in order to identify the possible reason for the substantial
discrepancy between the two model runs over the Gulf of
Genoa. As already mentioned, a cyclone centered in the
Baltic Sea was moving eastward. A cold front associated
with this cyclone induced a shallow cyclogenesis in the Gulf
of Genoa. This can be proven from the standard 0 UTC sur-
face pressure maps for the 9th and 10th of September. The
shallow cyclogenesis in the region of Genoa is a known typ-
ical phenomenon for this time of the year, namely late sum-
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Figure 5. Analyzes and observed total cloud cover at 15
UTC on 9th September 2001 from: a) the reference run b)
the GPS run c) the satellite observations.
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mer, when external air reaches the Mediterranean through
the gaps between mountains i.e. Rhone valley. This pro-
duces large temperature and water vapour gradients due to
cold air advection (west of Genoa) and subsequent blocking
by the Alps of the warm and humid air in northern Italy. This
inhomogeneity of the IWV field was not taken into account
when the GPS increments were spread over a significantly
large area by the nudging scheme. As a consequence the
assimilation of the correct IWV information at the observa-
tion grid point Genoa (as discussed above) results in artificial
”pumping” of water vapour in a large neighborhood.
Despite, these exaggerated IWV differences in the Gulf of
Genoa, the visual verification of the total cloud cover with
satellite observations (figure 5c) shows that a more realistic
picture has been obtained in the GPS experiment (figure 5).
The observed cloud cover pattern over the sea is better repre-
sented in the GPS run (figure 5b). This is consistent with the
work of Crewell (2002) which shows that the German ver-
sion of aLMo systematically underestimates the cloud lig-
uid water content compared with observations from a water
vapour radiometer. So in this case, GPS assimilation has a
positive impact on the total cloud cover field of alLMo.

This case study is important in several aspects. First, it can
be concluded that the radius of influence of GPS observa-
tions has to be decreased in order to obtain a better repre-
sentaty of the spatial variation of the humidity field. Second,
it is an indication that the spread of observation increments
over the sea has to be treated with caution. One could men-
tion here that additional GPS information such as gradients
and slant paths could be used to tune the model horizon-
tal structure function and improve the spreading of GPS in-
crements. Third, as the weather circulation in the Mediter-
ranean sea is known to be very special, it could be beneficial
to have more GPS sites in the coastal areas. More generally,
coastal GPS sites are of special importance due to the sub-
stantial difference between evaporation regimes of coastal
and inland areas.

4.2. Verification for Switzerland

Verification over Switzerland has been done with the op-
erational tools of MeteoSwiss. Figure 6 presents the daily
cycle of the IWV for the period 9 to 23 September for 9 GPS
sites below 800 m collocated with the model grid points.
The grid points selected have an average height difference
of +10 m to the GPS antenna height. As expected, the re-
sults from the GPS run (red dashed line) compare well with
the observations (black solid line) and a similar tendency of
the IWV variation can be seen. In contrast, the reference
run (black dashed line) is predominantly underestimating
the IWV amounts. A negative bias of 0.61 mm (reference
run versus observations) is measured. This bias is consis-
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Figure 6. Daily IWV cycle for 9 grid points below 800
m msl. collocated with the GPS sites in Switzerland: GPS
observations (black solid line), reference run (black dashed
line) and GPS experiment run (red dashed line).

tent with the IWV bias observed in the operational model
verification over Switzerland for the period of May to Oc-
tober 2001. A similar systematic negative IWV bias is also
reported from the model verification at DWD (Tomassini,
2002). As can be seen in Figure 6 this bias is significantly
reduced by GPS data.

Figure 7 shows the daily precipitation cycle for 29 grid
points collocated with observing stations of the Swiss auto-
matic surface stations network (ANETZ) below 800 m. It
can be seen that the reference run tends to underestimate
the overall precipitation amount reported, while the GPS run
(red dashed line) improves the precipitation picture, espe-
cially in the afternoon hours between 12 and 17 UTC. This
improvement of the precipitation is very likely connected to
the already discussed improvements of the IWV daily cycle.
The bias score for the 6 hour accumulated precipitation ver-
ified against ANETZ stations below 800 m is displayed in
table 1. Three precipitation thresholds have been defined,
namely 0.1, 2 and 10 mm. A bias score below 100 is to be
interpreted as underestimation and above 100 as overestima-
tion of the frequency of precipitation amount larger than the
corresponding threshold. A perfect analysis will produce a
bias score of 100. The bottom line in table 1 gives the av-
erage score for all 6 hour periods between 6 and 24 hour.
The first score for a 0.1 mm threshold shows that GPS as-
similation results in overestimation of the low precipitation
events, while the reference run shows a slightly better score
but with a tendency for underestimation of low precipitation
cases. For the 2 mm threshold, the GPS run performs much
better than the reference run. For the 10 mm threshold, i.e.
heavy rain, the scores from both the GPS experiment and
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Figure 7. Daily precipitation cycle for 29 grid points be-
low 800 m msl. collocated with ANETZ stations: ANETZ
observations (black solid line), reference run (black dashed
line) and GPS experiment run (red dashed line).

the reference are relatively poor; however, due to the limited
number of heavy rain events, this score is statistically not
very significant (easily biased if a single precipitation event
is missed).

5. Conclusions

Assimilation of water vapour in numerical weather pre-
diction models has been a prime objective of the last decade.
As the radiosondes network is not dense enough to pro-
vide sufficient information about the atmospheric humidity,
this information has been retrieved from SSM/I and AMSU
satellites over the ocean. However, the land surfaces of the
Earth remain a challenge for satellites due to their strong and
inhomogeneous microwave signal. That is why the ground
based GPS-derived IWV has attracted interest and support
in Europe through the COST Action 716.

The GPS-derived IWV from about 80 sites in Europe, pro-
vided within the Near Real Time Campaign of COST 716,
has been used for this first observing system experiment with
the operational NWP model of MeteoSwiss. A two week pe-
riod in September 2001, characterized by advective weather
regime and intense precipitation events, has been chosen.
The results from this experiment show a significant modi-
fication of the IWV field in the southern part of the model
domain up to 30% relative change. By visual inspection of
the overall daily impact one observes a tendency of GPS to
increase the IWV in the day-time.

The verification of alLMo over Switzerland reveals a clear
positive impact of GPS on the IWV daily cycle and on the
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Table 1. Bias precipitation score for the grid points below 800 m collocated with ANETZ for period 8 to 23 September 2001.

BIAS GPS Assimilated GPS NOT Assimilated
threshold [mm/6h] at: 0.1 10.0 0.1 2.0 10.0
Oh .. 6h 84.8 89.3 240.0 | 1029 699 110.1
6h .. 12h 101.4 106.2 100.0 | 84.8 923 333
12h .. 18h 140.8 1133 66.7 | 111.2 76,0 50.0
18h .. 24h 1054 66.7 273 89.2 583 9.1
6h-intervals 6h .. 24h | 113.4 924  47.1 935 733 206

precipitation. The negative IWV bias produced in the refer-
ence run is mainly corrected by the GPS assimilation. The
daily cycle of precipitation has been improved in the hours
between 12 and 17 UTC, which is probably due to the cor-
rection of the negative bias in the IWV. In addition the bias
precipitation scores give promising results for the GPS run.

A detailed investigation of IWV differences on September
9th 2001 shows a substantial increase in the Gulf of Genoa
when the GPS data are assimilated. This has a positive
effect on cloud cover, but the amount of introduced water
is exaggerated. This could be traced back to inadequate
spreading of humidity increments: this case was character-
ized by strong inhomogeneities in the IWV field, produced
by the advection of cold air west of Genoa and the blocking
of warm and humid air in northern Italy, inhomogeneities
which were not taken into account by the large symmetric
influence of IWV increments. In this case information from
GPS-derived IWV gradients as well as slant path estimates
will be beneficial in correctly shaping the model structure
function.

The verification of IWV and precipitation reported in this
paper gives encouraging first results. The future GPS assim-
ilation work will include investigation for different weather
regimes. As the GPS assimilation tends to put more wa-
ter in the atmosphere it is necessary to investigate whether
this is beneficial for different weather regimes such as low
stratus cases or summer high. In addition the spread of the
observation increments will be decreased in order to avoid
extreme cases in case of highly inhomogeneous humidity
fields. Based on the results of these new experiments, usage
of GPS in the operational NWP environment of MeteoSwiss
will be considered.
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Assimilation of COST 716 Near Real Time GPS data in the
nonhydrostatic limited area model used at MeteoSwiss

G. Guerova, J.-M. Bettems, E. Brockmann and Ch. Mitzler

Abstract. Application of the GPS derived water vapour into Numerical Weather
Prediction (NWP) models is one of the focuses of the COST Action 716. For this
purpose the GPS data covering Europe have been collected within the Near - Real
Time (NRT) demonstration project and provided for Observing System Experi-
ments (OSE). For the experiments presented in this manuscript the operational
NWP system of MeteoSwiss is used. The limited area nonhydrostatic aLpine
Model (alLMo) of MeteoSwiss covers most of western Europe, has a horizontal
resolution of 7 km, 45 layers in the vertical, and use a data assimilation scheme
based on the Newtonian relaxation (nudging) method. In total 17 days analyses and
two 30 hours daily forecasts have been computed, with 100 GPS sites assimilated
for three selected periods in autumn 2001, winter and summer 2002. The NRT data
quality has been compared with the Post - Processed data. Agreement within 3 mm
level Zenith Total Delay bias and 8 mm standard deviation was found, correspond-
ing to an Integrated Water Vapour (IWV) bias below 0.5 kg/m?. Most of the NRT
data over aLMo domain are available within prescribed 1 h 45 time window. In the
nudging process the NRT data are successfully used by the model to correct the
IWV deficiencies present in the reference analysis; stronger forcing with a shorter
time scale could be however recommended. Comparing the GPS derived IWV
with radiosonde observations, a dry radiosonde bias has been found over northern
Italy. The GPS IWV impact on aLMo is large in June 2002, moderate in September
2001 and minor in January 2002 Observing System Experiment (OSE). January
OSE is inconclusive due to inconsistent use of the humidity correction scheme. In
June OSE a substantial IWV impact is seen up to the end of the forecast. Over
Switzerland the dry bias in the reference analysis has been successfully corrected
and the 2m temperature and dew point have been slightly improved over the whole
alLMo domain. The subjective verification of precipitation against radar data in
autumn 2001 and summer 2002 gives mixed results. In the forecast the impact is
limited to the first six hours and to strong precipitation events. A missing precipi-
tation pattern has been recovered via GPS assimilation in June 20 2002 forecast. A
negative impact on precipitation analysis on June 23 has been observed. The future
operational use of GPS will depend on data availability; european GPS networks
belong mainly to the geodetic community. A further increase of GPS network
density in southern Europe is welcome. The GPS derived gradient and Slant Path
estimates could possibly improve efficiency of IWV assimilation via the nudging
technique.

1. Introduction static meso - <y scale models. They run with a horizontal
resolution below 10 km (mesh size) and are aimed to better
The last decade brought in operational Numerical resolve storm - scale phenomena, complex topography and

Weather Prediction (NWP) a new generation of nonhydro- ~ to provide reliable short range forecast up to 2 or 3 days.
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For the needs of high resolution NWP models a further
extension of the existing Meteorological Observing Sys-
tem will be necessary. In particular, Bettems (2002) re-
ported that additional information about local structures in
the humidity field will be needed. Some promising can-
didates are the weather radar and lidar networks. In the
last decade it was expected that satellite - borne instru-
ments like Special Sensor Microwave/Imager (SSM/I) and
Advanced Microwave Sounding Unit (AMSU) would de-
liver water vapour information with the high temporal and
spatial resolution needed for the NWP models. However,
the satellite retrievals are often limited to the ocean re-
gions and the footprint of about 50 km is too coarse for
high - resolution mesoscale models; due to the frequency
employed the satellite instruments are also disturbed by
rain. MODIS, the Moderate Resolution Imaging Spectro-
radiometer, has a spatial resolution of 1 km but a poor tem-
poral resolution, i.e. daily averaged water vapour products.
Another source of water vapour information are the ground
- based networks of Global Positioning System (GPS) re-
ceivers, currently operated for geophysical purposes. With
improvements of the GPS accuracy, i.e. improved map-
ping functions and antenna phase centre models (Haase et
al., 2002), it is possible to obtain reliable information of
the atmospheric signal delay in the zenith direction (ZTD).
In 1992 Mike Bevis (Bevis et al., 1992) proposed to use the
ground-based GPS for retrieving the water vapour content
of the atmosphere. In the following years several publi-
cations investigated the accuracy of GPS in comparison
with the conventional sources of water vapour informa-
tion like ,radiosondes and water vapour radiometers, and
in comparison with unconventional ones like sunphotome-
ter, sunspectrometer and VLBI (Very Long Baseline Inter-
ferometer). The findings, as summarised in Haase et al.
(2002), confirm the accuracy of GPS derived Integrated
Water Vapour (IWV) in the range of 1 kg/m?, i.e. the
same level of accuracy as the conventional observations.
The validation of mesoscale NWP models using GPS is
presented in Cucurull et al. (2000), Kopken (2001), Haase
et al. (2002), Tomassini et al. (2002) and Guerova et
al. (2003). Tomassini et al. (2002) studied the diur-
nal IWV cycle from GPS and LM over Germany in sum-
mer 2000. They found a systematic IWV underestimation,
higher than 1 kg/m?, in the model analysis for the hours
between 06 and 18 UTC. The HIRLAM model has been
validated for the western Mediterranean area (Haase et al.,
2002). An IWYV bias of 0.5 kg/m? and standard deviation
of 3 kg/m? is reported as well as a latitude dependence of
the standard deviation. The validation studies agree that a
dense GPS network provides a valuable additional infor-
mation for NWP models.

Assimilation experiments with GPS IWV are reported in
several publications: Kuo et al. (1996), Guo et al. (2000),
Smith et al. (2000), De Pondeca and Zou (2001), Vedel
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et al. (2002), Falvey and Beavan (2002), Tomassini et
al. (2002), Gutman et al. (2003) and Nakamura et al.
(2003). The GPS impact is mainly evaluated by analysing
the model precipitation skills. The results point towards
an overall neutral impact when assimilating GPS. How-
ever, during active weather phases the GPS is reported
to have a positive influence on the location of the front
boundaries, and a continuous improvement of precipita-
tion forecast skills has been obtained in a five year assimi-
lation period in the USA (Gutman et al., 2003). Falvey and
Beavan (2002) and Tomassini et al. (2002) use a nudging
scheme, which makes their results of particular interest for
the study presented here. Falvey and Beavan (2002) report
that continuous GPS assimilation improved the upwind to-
tal rainfall to 1 % significance level only. They also dis-
cuss one case where the humidity profile adjustment dete-
riorated the precipitation structure; the reason was the pro-
portional moisture removal from all model levels based on
the GPS observation. In Tomassini et al. (2002) a mixed
impact on precipitation analysis is reported for a severe
weather case.

In Europe the work on possible application of ground -
based GPS in operational meteorology was started with
the MAGIC project. An extensive overview about MAGIC
is given in Haase et al. (2002). In 1999 the COST Ac-
tion 716 “Exploitation of ground based GPS for climate
and numerical weather prediction application” followed
(Elgered, 2001). The Swiss contribution to COST 716
was established as a collaboration between three Institutes
namely, the Swiss Federal Office of Topography (Swis-
stopo), the Federal Office of Meteorology and Climatol-
ogy (MeteoSwiss) and the Institute of Applied Physics at
the University of Bern (Brockmann et al. 2002). The first
goal in evaluating the potential of GPS for meteorologi-
cal purposes, was the verification of the operational NWP
models against GPS data from the Automated GPS Net-
work of Switzerland (AGNES), reported in Guerova et al.
(2003a). The second goal, evaluating the impact of GPS
data in the NWP system of MeteoSwiss, was initiated in
2001. A first GPS assimilation experiment was calcu-
lated for two weeks of September 2001. The precipitation
verification over Switzerland shows improvements of the
scores as well as an improved diurnal precipitation cycle.
In addition we found out that the typical horizontal scale
for spreading of the observation increments was too large,
particularly in presence of strong water vapour gradients;
to avoid this problem the corresponding model parameter
was modified. The results obtained in this first experiment
(Guerovaet al., 2003b) have been considered encouraging,
and three new Observing System Experiments (OSE) have
been calculated in 2002.

This manuscript reports the results of those three OSEs.
In section 2 the mesoscale model of MeteoSwiss is de-
scribed. The COST 716 Near - Real Time (NRT) demon-
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Figure 1. ALMo domain and the location of the European
GPS sites (red dots) used in our experiments. The colour
scale presents the orography and the thin red line the coun-
try boundaries.

stration project is outlined in section 3. Section 4 reports
the OSE set - up. The results are discussed in section 5 and
summarised in section 6.

2. The operational NWP system at
MeteoSwiss

2.1. The aLpine Model - on overview

Since April 2001 a nonhydrostatic mesoscale model
named alpine Model (aLMo) is used for operational NWP
at MeteoSwiss. ALMo is the Swiss configuration of the
COSMO (COnsortium for Small-Scale MOdelling) lim-
ited area model (Doms et al. 2001) developed by the Na-
tional Weather Services of Switzerland, Italy, Poland and
Greece under the lead of the National Weather Service of
Germany (DWD). The Swiss implementation of the model
has a horizontal resolution of about 7 km, and the domain
extends from 35.11 N -9.33 E to 57.03 N 23.42 E (figure
1), covering most of western Europe. A terrain following
vertical coordinate system is used, with 45 vertical layers
and about 100 m vertical resolution in the lowest 2 km of
the atmosphere (Bettems, 2002), and a top level at 20 hPa.
A filtered orography was introduced to produce more real-
istic precipitation fields. Lateral boundary conditions are
assimilated following Davies (1976). The alLMo prognos-
tic variables are: horizontal and vertical Cartesian wind
components, temperature, perturbation pressure, specific
humidity and cloud water content.

The alLMo parameterization schemes take into account a
variety of physical processes like: grid-scale clouds and
precipitation, subgrid-scale clouds, moist convection, ra-
diation, vertical diffusion, boundary layer and soil pro-
cesses. The subgrid-scale cloudiness is a combination of
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Figure 2. Hydrological cycle and microphysical processes
implemented in aLMo. Four types of hygrometeors are
considered namely: water vapour, cloud water, rain and
snow. Note that no ice phase was implemented.

cloudiness due to convective processes and cloudiness de-
scribed as an empirical function depending on relative hu-
midity and height. The grid scale clouds are described
via cloud water saturation adjustment. For precipitation
formation a Kessler type bulk parameterization scheme is
used, and four categories of water substances are consid-
ered, namely: water vapour, cloud water, rain and snow.
The aLMo hydrological cycle and microphysical processes
are presented in figure 2. As seen from figure 2 the cloud
ice phase is neglected, assuming a fast transformation from
cloud water to snow. A cloud ice scheme has been devel-
oped (Doms, 2002) but was not yet tested at the time of the
experiments.

2.2. The data assimilation scheme

The alLMo data assimilation is based on Newtonian re-
laxation (or nudging) scheme (Schraff, 1997); the model’s
prognostic variables are relaxed towards prescribed value
within a fixed time window. In aLMo the relaxation is
performed towards direct observations. For example, the
prognostic equation for the specific humidity - ¢ and for a
single observation has the following form:

0
gq(t) =Q(q,u,v,...t) + GQ'WQ'[qobs ~ @mod)s (D

where Q denotes the model physics and dynamics, gops
and gy,0q are the observed and the model specific humidity,
G, = 6.10"*s71 is the coefficient defining the relaxation
scale and W, consists of spatial and temporal weights and
of a quality factor. The second term in equation (1) is the
nudging term and the part [gops — @mod] 18 called the ob-
servation increment. For the horizontal spreading of the
observation increments an autoregressive weight function



is used:
Wy(z) = (1+z/s)e™/7, )

where z is the distance between the model grid point and
the observation and s is a correlation scale factor. The tem-
poral weight function W, (¢) equals one at the observation
time and decreases linearly to zero at 1.5 hours before and
0.5 hours after the observation time, i.e. a 2 hour asym-
metric saw tooth shaped time window is used. The obser-
vation density is also taken into account to set the value of
W,. The observation increments are computed once every
6 time steps i.e. once every 240s.

In the nudging scheme a direct assimilation of GPS derived
IWYV is not possible as no prognostic variable of this type
is available in the model equations. Thus, an indirect as-
similation procedure based on Kuo et al. (1993) has been
developed at DWD (Tomassini et al., 2002). This proce-
dure is briefly summarised here. First, the Zenith Total
Delay (ZTD) from GPS is converted into IWV following
Bevis et al. (1992) using the model temperature and sur-
face pressure. Second, IWV ratio between the observation
and the model is calculated. Third, using this ratio the
model specific humidity profile is scaled from surface to
the 500 hPa level. Specific humidity is set to saturation
at any level where the specific humidity exceeds its satu-
ration value due to the scaling. The humidity increments
are spread laterally using a correlation scale factor of 35
km (s in equation 2). Only GPS stations with a difference
between station height and model orography larger than -
100 m have been assimilated. For GPS stations above the
model orography, the model level closest to the GPS height
has been used as initial level in the profile scaling. This
condition about the height of the station is particularly im-
portant for the Alpine areas in Switzerland, France, Aus-
tria and Italy. Due to this condition about 20 GPS stations
have not been assimilated, eight of them from the Swiss
GPS network.

3. GPS Near - Real Time Demonstration
Project

The Near - Real Time (NRT) demonstration experiment
started in May 2001 as a main activity in Working Group 2
of the COST Action 716 (COST-716, 2002). The objective
of this experiment was to develop a dense NRT GPS net-
work covering Europe and providing ZTD estimates suited
for operational NWP, i.e. with data delivery within 1 h 45
min after the observation time. Seven regional process-
ing centres are contributing to the NRT project, delivering
hourly ZTD files from about 250 stations in a predefined
COST format (COST-716, 2001a) to the ftp server of the
UK Met Office. An extensive overview about the NRT
project is available in Van der Marel et al. (2003).
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Figure 3. Upper - air verification (aLMo minus TEMP) of
relative humidity bias (left) and std (right) for September,
January and June OSEs. The blue dashed line presents the
GPS forecast and the red line the reference forecast at: a.
+00h and b. +06h. A minor bias increase at +06h is ob-
tained when assimilating GPS, but std is slightly improved.

The assimilation experiments reported in this manuscript
use data from about 100 GPS stations, processed by three
processing centres; LPT (Swisstopo, Wabern, Switzer-
land), GOP (Geodetic Observatory Pecny, Czech Repub-
lic) and GFZ (GeoForschungsZentrum, Potsdam, Ger-
many). The selection of processing centres is based on
optimal domain coverage, data quality and availability.
For the period May 2001 - December 2002 the three cen-
tres delivered more then 90 % of the data within the se-
lected time window of 1 h 45 min (Van der Marel et al.,
2003). The data provided by LPT and GOP have been pro-
cessed using the Bernese Normal Equation Stacking Soft-
ware with a time window of 7 and 12 hours, respectively,
30 s sampling rate and elevation cut-off angle of 10°. The
GFZ data have been processed with Precise Point Posi-
tioning Software - (EPOS) with data sampling of 120 s
and elevation cut-off 7°. Hourly observations are reported
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by LPT and GOP, at H + 30°, and two observations per
hour are reported by GFZ, at H + 15” and H + 45°. As
seen in figure 1 the overall GPS coverage over Switzer-
land and north of Switzerland is pretty good, but is poor in
the southern part of the aLMo domain.

4. The Observing System Experiment Design

All assimilation experiments reported here have been
performed by nesting aLMo in the ECMWF global model,
the boundary conditions being obtained from the main
ECMWEF 4D - VAR assimilation cycle with a 6 hour up-
date frequency. All standard meteorological observations
are assimilated (SYNOP, BUOY, TEMP, aircraft wind and
temperature), but no satellite data are used. Two daily 30
hour forecasts starting at 00 and 12 UTC have been cal-
culated without (reference experiment) and with GPS data
assimilation (GPS experiment). Initial conditions for these
forecasts were obtained from the corresponding aLMo as-
similation cycle. In the forecast runs the observations are
still assimilated during the first two hours.

Three weather regimes have been selected for these OSE,
namely: an advective period in September 2001, a winter
low stratus case in January 2002 and a summer convec-
tion period in June 2002. During the five days period from
9 to 13 September 2001 the weather was driven by a cy-
clone located over the Baltic Sea and a cold front moving
slowly eastward, passing over Switzerland on September
9 and initiating cyclogenesis in the the Gulf of Genoa in
the night of September 10. The five days period between
10 and 14 of January 2002 is characterised by low stratus
over the Swiss Plateau and Southern Bavaria, induced by
an anticyclone with weak pressure gradients located over
Hungary - a typical winter situation. The third experiment,
from the 18 to the 24 of June 2002, was a very active pe-
riod with intense precipitation events and front passages.
One should note, that the French GPS stations have only
been available for this June OSE.

A comprehensive verification of the three Observing Sys-
tem Experiments has been performed. The vertical struc-
ture and the near - surface parameters have been verified
for the entire model domain. The precipitation and cloud
cover observations were collected for the western and cen-
tral part of the domain. The diurnal IWV cycle and ZTD
are studied over Switzerland.

S. Experimental results

5.1. Upper-air and near-surface verification

The vertical structure of the model atmosphere has been
verified against 28 radiosonde stations (TEMP) regularly
distributed over aLMo domain, using the operational pack-
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age of MeteoSwiss. Bias and standard deviation (std) for
temperature, relative humidity, wind direction, wind speed
and the geopotential are calculated for the forecast times:
+00, +06, +12, +18, +24 and +30h. The temperature, wind
and geopotential (bias and std) do not significantly differ
between the reference and GPS forecast. In figure 3, the
bias and standard deviation (aLMo - TEMP) of the relative
humidity are plotted for forecast times at +0Oh and +06h,
for the 17 days period. A small increase of the bias of
the order of 3 to 4 % is observed in the GPS experiment
for the layers above 800 hPa; the assimilation of GPS data
resulted in a global increase of the model humidity con-
tent. This is specially pronounced over northern Italy (Mi-
lan and Udine radiosondes) where the positive humidity
bias reaches 10 - 12 % in June 2002 OSE. This bias is not
limited only to the first +06h forecast, but is also present
up to +30h forecast. This is a sign of a systematic un-
derestimation in the radiosonde humidity profiles. Studies
in Japan (Ohtani and Naito, 2000) and western Mediter-
ranean (Haase et al., 2002) report a dry radiosonde bias in
mid day observations.

Near-surface parameters have been verified against about
1000 surface stations from the SYNOP network; the pres-
sure (PS), dry bulb temperature (T 2M) and dew point
temperature (TD_2M) at 2m have been considered. Ta-
ble 1 summarises the bias and the std of the reference and
the GPS analyses for the three OSE periods. Overall T_2M
and TD_2M biases are moderately improved in September
and June OSEs and degraded in January OSE; impact of
GPS on the standard deviation shows the same trend, but
with a much smaller magnitude. Note that in the Septem-
ber OSE the bias of all parameters is reduced in compar-
ison with the June and January OSEs. The reason is an
overall good skill of the model for this September period,
which is further confirmed by the precipitation verifica-
tion.

In the September OSE, the improvement of the 2m tem-
perature bias and of the dew point temperature bias is 7 %
and 13 %, respectively. In the January OSE, assimilating
GPS degrade model performance, with a 7 % degradation
of TD_2M and a 17 % degradation for T 2M. We believe
the reason for this negative impact is related to the absence
of the cloud ice scheme and the associated adjustments of
the TEMP humidity in the assimilation cycle, which will
be further commented in section 5.b. The surface verifica-
tion of the June OSE presents a positive impact of the GPS
data on the model performance. The dew point tempera-
ture bias is improved by about 0.1 K, or about 14 %, and
the 2m dry bulb temperature is improved by about 25 %.
This is a positive signal in favour of GPS observations.
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Table 1. alLMo minus SYNOP in September, January and June OSEs.

Sept. ref  Sept. GPS

Jan. ref Jan. GPS Juneref June GPS

PS bias [Pa] -146.2 -146.9 -153.0 -153.1 -152.3 -152.9
PS std [Pa] 2563.0 2563.0 2710.0 2710.0 2423.0 2423.0
TD 2M bias [K] -0.68 -0.60 -0.78 -0.84 -0.82 -0.72
TD 2M std [K] 2.29 2.26 2.96 2.94 2.73 2.69
T 2M bias [K] 0.15 0.14 -0.32 -0.39 0.27 0.21
T 2M std [K] 2.29 2.26 2.47 2.49 2.55 2.52
Table 2. January 2002 OSE alLMo versus ANETZ cloud cover.
CLC [octa] 0 1 2 3 4 5 6 7 8 TOTAL
ANETZ : 367 78 52 61 30 21 26 40 346 1021
aLMo ref. analysis: 445 106 38 24 23 16 23 33 313 1021
alLMo GPS analysis: 440 115 57 34 22 25 28 41 259 1021
ANETZ : 465 92 57 66 34 27 32 50 444 1267
alLMo ref. forecast : 640 146 58 41 36 33 38 43 232 1267
alLMo GPS forecast: 674 128 60 49 44 26 36 42 208 1267

5.2. Precipitation and cloud cover verification

To provide an overview of the GPS impact on the model
humidity field, the IWV differences (GPS minus refer-
ence) are plotted in figure 4 for the September 10, 2001,
January 14, 2002 and June 20, 2002 cases. In the Septem-
ber 2001 case (figure 4 a) a moderate impact is observed
when assimilating GPS, with an average difference at anal-
ysis time of £+ 20 % for an average IWV amount of 20
kg/m?. This impact has completely vanished in the +12h
forecast. Most of IWV modifications are over northern
Italy and over the Gulf of Genoa (see Guerova et al., 2003b
for a full analysis of this period). As seen in figure 4 b,
the IWV differences for the January case are small. The
average IWV difference between the GPS and the refer-
ence experiment is in the range of £+ 10 % for an average
IWV amount of 10 kg/m?. Unlike the other two experi-
ments, the June 2002 period is of prime interest in terms
of GPS impact on the model humidity field. During this
period (figure 4 c) the GPS assimilation resulted in signif-
icant modifications of the aLMo IWYV field over the entire
model domain, with an average impact of £ 30 % at anal-
ysis time for an average IWV amount of 32 kg/m?. More-
over, both the 00 and 12 UTC forecasts exhibit substantial
IWYV differences, in order of & 20 %, up to the end of the
forecast (+30h). Note that the plots presented in figure 4
are 00 UTC analysis, which means that the radiosondes
humidity profiles have also been available at this time; in
this respect the GPS contribution in June OSE is substan-
tial. This is possibly a consequence of the GPS network

density and high temporal availability which allows better
representation of water vapour structure during periods of
active weather.

To further investigate the GPS impact on the model skills,
the precipitation data have been examined. The radar com-
posite covering Germany, France, Belgium and Nether-
lands has been available through M. Tomassini (DWD).
Additionally, the Swiss radar composite and the surface
precipitation from the ANETZ network are used. ANETZ
is the Swiss automatic surface stations network. To get
better evaluation of timing and structure of precipitation
patterns, the six hour instead of 24 hour accumulated pre-
cipitation is used.

For the September 10, 2001 case, a weak impact on the
precipitation field is seen in the first six forecast hours.
Figure 5 shows the precipitation plots from the reference
and GPS forecast. Due to lack of radar data for this date the
verification is done against the ANETZ data. The observa-
tions give a slight advantage for the GPS forecast (figure
5 b) in terms of reduction of precipitation intensity and
better correspondence for precipitation free regions. Note,
that the predicted maximum precipitation is 34 mm /6h in
the GPS experiment and 37 mm/6h in the reference ex-
periment, significantly overestimating the measured value
of 6.2 mm /6h. In this respect the GPS data seem to have a
potential to push the model towards more realistic forecast,
but they are not able to compensate for the model deficien-
cies probably responsible for this massive overestimation.
This case is one of the few cases during the September
OSE where some differences in the precipitation patterns
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Figure 4. Plot of the IWV difference between GPS and
reference experiment at 00 UTC analysis time on: a. 10
September 2001, b. 14 January 2002 and c. 20 June 2002.
Note that the major IWV modefications are for the June
2002 case.
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Figure 5. Accumulated six precipitation forecast on 10
September 2001 00 UTC to 06 UTC over Switzerland:
a. reference forecast and b. GPS forecast. The contour
line defines the Swiss boundary and the main rivers and
lakes. Note the differences in the precipitation patterns in
the GPS and the reference experiment over the Jura moun-
tain.

could be recognised over the entire aLMo domain. In ad-
dition the daily precipitation statistic for Switzerland does
not show significant differences between the forecasts with
and without GPS. This weak impact could be related to the
lack of upwind GPS sites in this experiment (French sta-
tions are only assimilated in the June 2002 experiment).
During the June 2002 OSE period, intense precipitation
events (above 20mm /6h) are reported on the 20 - 21 and
23 - 24 June. Two interesting cases can be singled out:
one with a positive impact on the forecast and one with
negative impact on the analysis. The first case is the 00
UTC forecast on 20 June 2002 and is presented in figure 6.
The intense precipitation event seen in the GPS experi-
ment (upper left corner of figure 6 b) is not observed in
the reference experiment (figure 6 a). In comparison the
radar data (figure 6¢) shows intense precipitation over the
Jura mountain i.e. Northwest of Switzerland. From fig-
ure 4 c, one can see that a moisture deficiency of up to
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8 kg/m? was present at 00 UTC west of Switzerland in
the reference run (the intense orange patch). The predom-
inant south - westerly flow in the hours between 00 and 06
UTC advected this additional moisture towards Switzer-
land, which resulted in the reported precipitation improve-
ment. In this case the GPS data provide important informa-
tion at the right time and place and improve the forecast.
The second case, this time with a negative impact on the
aLLMo analysis, has been seen in the night of 23 - 24 June
in the hours between 18 and 06 UTC. The model precip-
itation from the reference and GPS analyses are plotted
in figure 7 a and 7 b and the radar data are in figure 7
c. The GPS assimilation resulted in a substantial increase
of large - scale precipitation amount in southern Switzer-
land with a maximum higher than 200 mm/6h, tripling
the reference value. Over southern Switzerland the radar
data is certainly in better agreement with the reference than
with the GPS experiment. The explanation of this case
could be traced to the too fast advection of humidity struc-
tures towards Switzerland in aLMo, by the predominant
south-westerly air flow, provoking a continuous feeding
of the model with water vapour through assimilation of
the Italian GPS site Torino. A detailed study of the IWV
amount on 23 and 24 June 2002 indicates a peak value
of 55 kg/m? in northern Italy and 45 kg/m? in Switzer-
land (figure 9a), an extremely high water vapour content
rarely observed at these latitudes. The specific humidity
profiles from Torino show that moisture was substantially
increased in the lower 2 to 2.5 km in the model GPS anal-
ysis.

A summary of the findings from the qualitative intercom-
parison between alLMo precipitation and the radar data
gives an impact limited to the early forecast hours (up
to +6h), which is consistent with the findings reported by
Gutman et al. (2003).

In the January OSE the focus was on forecast of low stra-
tus cloud cover. Table 2 shows the total cloud cover as
analysed and predicted by aLMo with and without GPS,
and the corresponding observations from the ANETZ net-
work. The cloud cover is measured in octa from: clear
sky condition - 0 octa to complete cloud cover - 8 oc-
tas. The model tends to overestimate clear sky conditions
and underestimates the fully overcast situations; this is a
known deficiency of alLMo, which fails to correctly simu-
late stratus situations over the Swiss Plateau. Assimilation
of the GPS data strengthen this tendency, in both the anal-
ysis and the forecast. Visual comparisons with the ME-
TEOSAT cloud cover confirms that assimilating GPS re-
trieved water vapour has a negative impact on the analysis
of the low level stratus over the Swiss Plateau and south-
ern Germany. A possible explanation for this negative im-
pact is the absence of prognostic cloud ice scheme and the
use of raw GPS derived IWV (Ch. Schraff, personal com-
munication). At temperature below 0°C' clouds usually
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form and exist at saturation over ice; however, in absence
of cloud ice scheme, the clouds can only form at satura-
tion over water, i.e. at higher values of specific humidity.
So, to get the correct cloud amount, the observed humidity
should be increased; this adjustment is taken into account
for radiosonde observations but not for the GPS observa-
tions. For a winter period this adjustment is important and
it should have been introduced in the January OSE.

5.3. Diurnal IWV cycle and ZTD verification for
Switzerland

The diurnal cycle of water vapour is an important part
of the model verification. The diurnal IWV cycle for nine
Swiss GPS stations at altitude below 800 m is plotted in
figure 8 for the analysis and the forecast. The plot 8
a presents the June 2002 OSE reference and GPS anal-
yses (black and red lines), and the IWV extracted from
the Near - Real Time (blue line) and the Post - Processed
(PP) GPS data (green line). The reference analysis tends
to underestimate the water vapour in the atmosphere when
compared with both NRT and PP GPS observations. The
bias (aLMo reference / NRT) is in order of -0.64 kg/m2.
On the other side the GPS analysis is overestimating the
IWV and the bias is 0.34 kg/m?. The standard deviation
has been reduced from 0.87 kg/m? in reference to 0.48
kg/m? in the GPS experiment. A visual investigation of
the GPS analysis and the NRT observation show satisfac-
tory agreement, except for the early morning hours; how-
ever, one should note that NRT observations were missing
in the early morning of June 24. A day by day evaluation
of the diurnal cycle shows substantial differences between
the reference and GPS analysis. On June 21, 22 and 24 the
reference model bias, compared to the NRT data, is -2.0,
-3.8 and -2.5 kg/m? respectively, i.e. the model underesti-
mates substantially the water vapour content. On the other
side on June 18 and 19 the reference model bias is posi-
tive 2.6 and 1.5 kg/m?2. The figure 8 a is rather difficult
to interpret as it covers only one week with rapid changes
in the atmospheric conditions. The diurnal cycle of the 00
UTC forecast (figure 8 b) shows a clear underestimation
of the water vapour in aLMo in the second part of the day;
a slight correction of this error is observed when starting
from the gps analysis.

In order to investigate the efficiency of the assimilation
scheme and the accuracy of the NRT GPS data, the IWV
and ZTD for the GPS sites Payerne (PAYE) are plotted in
figure 9. In the panel, one sees that the IWV differences
between the reference and GPS experiment are up to 7 -
8 kg/m? and that most of the large errors are corrected.
However, it is also seen that the assimilation of GPS does
not always drive the model to the observed value: for ex-
ample at 07 UTC on June 18 the difference between model
and observation remains in the range of 3 kg/m? and the
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Figure 6. Six hour accumulated precipitation 00 to 06
UTC on 20 June 2002 from: a. reference forecast, b. GPS
forecast and c. radar observation. The forecasted intense
precipitation over Jura region (i.e. north-western Switzer-
land) in the GPS experiment is confirmed in the radar plot.
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Figure 7. Figure 7: Six hour accumulated precipitation 18
to 24 UTC on 23 June 2002 from: a. reference analysis,
b. GPS analysis and c. radar observation. Assimilation of
the GPS site Torino resulted in significant overestimation
of precipitation over southern Switzerland.
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Figure 8. June OSE diurnal IWV cycle for nine Swiss
GPS sites below 800 msl. a. The reference analysis -
black line , the GPS analysis - red line, Post - Processed
GPS green line and NRT GPS - blue line are shown. b.
same as a. but for the 00 UTC forecast. Note, the underes-
timation of the water vapour in the late afternoon hours in
the reference and GPS forecast.

minimum of IWV is reached with a three hours delay. A
possible explanation is the scale of the nudging term em-
ployed in aLMo, which is not optimal for the fast temporal
variations of the water vapour; the nudging coefficient (G)
used here corresponds to a time scale of about 90 min.

In figure 9 aand 9 b one notes the strong discrepancy be-
tween the NRT and PP GPS at midday of June 20. A sharp
peak of 35 kg/m? is seen in the PP data, which is not well
pronounced in the NRT one. This peak has been verified
against independent measurements from a sunphotometer,
which supports the rapid jump and drop seen in the PP
data; this peak is in fact associated with the passage of a
cold front. Thus it is to be concluded that NRT process-
ing tends to smooth out the rapid variations of ZTD. This
can be explained with the Near - Real Time processing
strategy, which incorporates past observations in a 7 hour
window to compute the actual ZTD value (processing time
window described in section 3). Except for this single ob-
servation, a surprisingly good agreement between the two
processing schemes is observed. Table 3 displays the bias
of the Near - Real Time solution compared with the PP
solution for nine Swiss sites, which is in the range 0.4 to
3.7 mm. The averaged ZTD bias is 2.3 mm and the std
is in the 8 mm range. This is in agreement with the work
reported in Haase et al. (2002) about intercomparison of
the MAGIC data set. A ZTD bias of 3 mm corresponds to
a IWV bias lower than 0.5 kg/m?2. This result is certainly
very encouraging for NWP, as the period under considera-
tion is characterised by rapid changes in atmospheric con-
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IWV and ZTD at station PAYE (Payerne, CH): 18 - 24 06 2002
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Figure 9. IWV and ZTD for station Payerne in June OSE.
a. IWV amount in kg/m? from the NRT (blue line) and
Post - Processed (green line) GPS data and the alLMo ref-
erence (black line) and GPS (red line) analysis. b. ZTD
in m at station Payerne from NRT (blue dots) and the Post
- Processed (green dots) data. The bias NRT/PP data for
station Payerne is 1.8 mm.

Table 3. ZTD (Near - Real Time minus Post - Processed)
bias and std in m for the period 18 -24 June 2002.

ZTD [m]
GPS site: BIAS NRT/PP  STD NRT/PP
EPFL (Lausane) 0.0028 0.0076
ETHZ (Zurich) 0.0030 0.0081
FHBB (Basel) 0.0004 0.0075
GENE (Geneva) 0.0037 0.0072
LUZE (Luzern) 0.0026 0.0088
NEUC (Neuchatel) 0.0020 0.0087
PAYE (Payerne) 0.0018 0.0078
STGA (St. Gallen) 0.0025 0.0079
UZNA (Uznach) 0.0020 0.0086
ditions.

6. Conclusions

With the development of high-resolution mesoscale
models rose the need of reliable water vapour information
with high temporal and spatial resolution. One such source
of information are the ground - based networks of Global
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Positioning System (GPS) receivers. The focus of the Eu-
ropean COST Action 716 was to evaluate the applicabil-
ity of GPS in operational Numerical Weather Prediction
(NWP) through data validation and assimilation experi-
ments. The GPS impact on the operational NWP system
of MeteoSwiss, the alpine Model (aLMo), is reported in
this manuscript.

The GPS data from more than 200 European sites have
been provided within the Near - Real Time (NRT) demon-
stration project of COST 716. The quality of NRT data
have been validated with the Post Processed (PP) data from
Switzerland. It can be concluded that the two data sets
have similar quality with few cases of smoothing observed
in the NRT data during active weather events. The IWV
bias of the NRT data compared with the PP data is less
than 0.5 kg/m?. The data from three COST Processing
Centres, namely LPT, GFZ and GOP, are delivered within
1h 45 min observation window in more than 90 % of the
cases. The three Centres provide data for 95 % of the GPS
sites available in aLMo domain.

Through assimilation experiments with aLMo it was found
that the nudging scheme is well able to correct the IWV
deficiencies observed in the reference model. A stronger
forcing with a shorter time scale could even improve this
behaviour in presence of fast meteorological events. The
reconstruction of humidity profile is one of the weakest
elements of the process; combining GPS with other hu-
midity information or using Slant Path GPS observations
could be envisaged to improve this weakness. Compar-
ing radiosonde with GPS, a dry radiosonde bias has been
found over Northern Italy. This is consistent with the stud-
ies of Ohtani and Naito (2000) and Haase et al. (2002)
and seems to be a deficiency in the radiosonde observation
during day time.

The impact of GPS assimilation on the aLMo IWV field
in winter OSE was weaker than the impact on June and
September OSEs. Moreover due to inconsistent usage of
humidity correction scheme the results from winter OSE
are inconclusive. The strongest GPS impact was obtained
in June 2002 OSE, and is visible up to the end of the fore-
cast (+30h). For this period the aLMo reference anal-
ysis exhibits a dry bias over Switzerland which is well
corrected by assimilating GPS; 2m temperature and dew
point temperature analysis have also been improved over
the whole domain. However, the impact on the precipita-
tion analysis and forecast is mixed. A missing structure is
recovered in the precipitation forecast on June 20 2002. A
negative impact on precipitation analysis reported on June
23 is possibly due to model weakness in a special weather
situation over northern Italy. The impact on precipitation
forecast is limited to the first 6 hours and to intense pre-
cipitation events. In our preliminary September 2001 OSE
(Guerova et al., 2003b) one case of positive impact on the
cloudiness is reported and the precipitation daily cycle of
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the assimilation cycle was improved.

The use of GPS in NWP has a foreseeable long-term future
due to the importance of humidity information for high
resolution mesoscale models and the good spatial cover-
age and temporal availability of these data. The future po-
tential of GPS will be further extended with the new Euro-
pean project - GALILEO (the European Satellite Naviga-
tion System) in operational service from 2008. The GPS
derived water vapour gradients could help improving the
spatial spreading of humidity in active weather regimes
and in regions with strong water vapour inhomogeneity.
One further improvement could be the retrieval of GPS
humidity profiles (tomography), with the limiting factor
being the accurate Slant Path estimates. The operational
use of GPS in NWP models depends also on future data
availability; GPS networks belong mainly to the geodetic
community and are not incorporated in the WMO Meteo-
rological Observing System.
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