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1. Introduction 

 
Over the past 10 years significant progress has been 
made in atmospheric sensing with GPS.  Both space-
based atmospheric sounding and ground-based 
measurements of integrated delay due to the 
troposphere have shown promise for meteorological 
applications.  Now the focus is shifting from 
developing and validating the sensing technology 
towards applying it to weather forecasting. This paper 
will focus on ground-based GPS meteorology 
applications. New GPS networks are now under 
development in several countries. For many of these 
networks the use of the GPS data for meteorology is of 
increasing importance.  In this paper we will introduce 
a new network, called SuomiNet (Ware et al., 2000). 
This network is presently established in the USA and it 
also has several international sites. We will describe 
near real-time data analysis for SuomiNet.  One novel 
aspect of the analysis of the SuomiNet data is that it 
utilizes gridded weather fields for computing site and 
time specific mapping functions.  This paper shows 
that the use of this so-called direct mapping technique 
(Rocken et al. 2001) significantly reduces the 
dependence of the GPS results on the observation 
elevation cutoff angle.  Improving the mapping 
function is especially important for low elevation 
observations.  Low elevation observations are in turn 
important for the meteorological impact of GPS. 
Simulation studies by McDonald et al. (2001) have 
shown that low elevation GPS slant observations can 
be used to reconstruct three-dimensional water vapor 
fields. In the last part of this paper we provide results 
from the assimilation of simulated GPS data into the 
MM5 numerical weather model.   
 

2. SuomiNet 
 
SuomiNet is a GPS network that was named to honor 
the pioneer of satellite meteorology, Prof. Verner 
Suomi. The network is currently under construction 
and will exploit the potential of ground-based GPS 
receivers to make accurate ionospheric and 
tropospheric measurements.  

Fig. 1 Professor Emeritus Verner Edward Suomi, 
1915-1995, is internationally recognized as the "father 
of weather satellite systems." 
 
One of the key goals of SuomiNet is to attract 
University and student participation in the operation, 
analysis and interpretation of a near-real time GPS 
network for atmospheric sciences.  
 
SuomiNet builds on the expertise of several UCAR 
programs: GPS Science and Technology (GST) (GPS-
related atmospheric science), Unidata (real-time 
distribution of meteorological data to Universities) and 
the University Navstar Consortium (UNAVCO) 
Facility (developing, deploying and operating GPS 
networks).  
 
For SuomiNet UNAVCO provides dual frequency GPS 
receivers and installation support to participating 
Universities and government researchers. SuomiNet 
participants contribute a secure site, power, internet 
connection and a surface meteorological sensor pack 
(Jackson et al., 2001). About 100 SuomiNet sites were 
registered by interested parties, mostly in North 
America. Presently 43 SuomiNet sites are installed and 
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Fig. 2 Registered North-American 
SuomiNet Sites 

31 are in operation with 30 more soon to be 
established. Not all sites that expressed interest initially 
were able to follow through with a SuomiNet site 
installation.  
 
The 30-sec GPS and 3-min surface meteorological data 
are transferred (presently in hourly batches) to the 
analysis center at GST.  GST processes these data to 
compute zenith total delays (ZTD), zenith wet delay 
(ZWD), and precipitable water vapor (PWV) using the 
Bernese GPS software.  Future routine analysis shall 
also provide total electron count (TEC), slant delay 
(SD) , slant wet delay (SWD), and slant water vapor 
(SWV) products. Unidata software tools 
(www.unidata.ucar.edu) are used for transferring the 
raw data to GST and for transferring the near real time 
products to the users.  
 
The Unidata Local Data Manager (LDM) is a 
collection of cooperating programs that select, capture, 
manage, and distribute meteorological data products 
(Weber et al., 2001). The system is designed for event-
driven data distribution, and is currently used in the 
Unidata Internet Data Distribution (IDD) project. The 
LDM system includes network to client and server 
programs and their shared protocols. An important 
characteristic of LDM is its support for flexible and 

site-specific configuration. LDM ingester clients 
handle data from several sources, including the 
National Weather Service ``NOAAport channel 3'' and 
McIDAS data from the Unidata/Wisconsin feed. 
 
This approach to data collection and distribution was 
selected because the LDM software is already used by 
atmospheric scientists at more than 150 universities 
and cooperating agencies. The LDM5 software is 
currently freely available via anonymous FTP. 
 
All SuomiNet data are archived at NCAR.  Data 
collected on geodetic quality monuments for tectonic 
research are available through the UNAVCO data 
archive (http://archive.unavco.ucar.edu). An interactive 
web-based archive of SuomiNet results has been 
developed and is collocated with the COSMIC Data 
Analysis and Archive Center (CDAAC) at 
www.cosmic.ucar.edu. This site is presently under 
password protection because it also enables access to 
the restricted data from the CHAMP and SAC-C 
satellite missions.  
 

3.  Data Analysis 
 
The GST group at UCAR has processed GPS data from 
NOAA’s Forecast System Lab (FSL) in near real time 
and post-processed mode since 1996 (Figures 3 + 4) 
(Rocken et al., 1997). Currently we include 15 sites 
from the FSL network and 5 IGS sites in the SuomiNet 
analysis.  

 
Fig. 3 Post-processed 30-min PWV time series in mm 
for Haskell, Oklahoma since 1996. The apparent 
increase in PWV over time as indicated by the straight-
line fit requires more careful analysis before it can be 
attributed to a change in atmospheric water vapor over 
time.  
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Fig. 4 is the same as Fig. 3 for Lamont, OK.  
 
Figures 3 and 4 both show an apparent increase in 
PWV over time as indicated by the thin line computed 
by linear regression of the PWV values. Because no 
attempt was made to remove the seasonal signal, and 
because there are gaps in the data and because the 
processing strategy of our data has changed over the 
years this trend cannot be interpreted as an atmospheric 
signal (Yuan et al., 1993).  Additional and more careful 
work is required before anything can be said about 
change in atmospheric water vapor based on these data.  
 
During 1999 and 2000 we computed orbit 
improvements from hourly data of the FSL network. 
Table 1 compares the real-time processing results 
against water vapor radiometer measurements at four 
NOAA/FSL Oklahoma sites  (Haskell, Lamont, 
Purcell, Vici). Average biases and rms values of the 
comparison were computed for two solutions (a) using 
the predicted IGS orbits and (b) using the predicted 
IGS orbits but computing an additional orbit 
improvement based on the data from the FSL network.  
 
 1999 

bias/rms 
[mm] 

2000 
bias/rms 

[mm] 

2001 
bias/rms 

[mm] 
No orbit 
improvement 

-0.5 / 3.2 -0.1 / 2.6 -0.4 / 1.5 

With orbit 
improvement 

-0.8 / 1.6 -0.2 / 1.8  

  
Table 1 Comparison of real-time GPS PWV in mm with 
PWV from the WVRS at 4 Oklahoma FSL sites. In 2001 
we stopped computing orbit improvements because of 
the high quality of the IGS “ultra rapid” orbits.    

 
Since introduction of the “ultra rapid orbits” by the IGS 
(Springer and Hugentobler, 2001) this orbit 
improvement calculation is no longer necessary and we 
presently just use these orbits, which are assumed to be 
better than 30 cm in 3-D rms. Unforeseen problems 
with the predicted orbits are automatically detected 
based on checking the quality of fit for data from the 
longest baselines in the network. If bad satellites are 
detected they are not included in the analysis.  No 
attempt is presently made to improve orbits for 
SuomiNet data analysis.   The station coordinates are 
constrained to ~1 mm in position for the tropospheric 
analysis.  Slow motion of the SuomiNet sites is 
accounted for by updating station positions every two 
weeks based on a two-week average in station position. 
The data are processed in 1-hour batches and ZTD 
parameters are estimated every 30 minutes for each 
site.  Presently no gradient parameters are estimated. 
Observations down to an elevation angle of 7 degrees 
are included in the analysis. The results are available 
typically within 15 minutes after reception at GST for 
distribution via LDM  
 
Our routine analysis uses the dry Niell mapping 
function and surface meteorological observations to 
model the hydrostatic delay, and the wet Niell mapping 
function to estimate the ZWD.  Conversion from ZWD 
to PWV is done using the linear relationship based on 
surface temperature measurements from Bevis et al. 
(1994).  
 
When processing the GPS data using Neill mapping 
with two different elevation cutoff angles we notice a 
significant difference in the solutions.  Figure 5 shows 
the comparison of 30-minute PWV values estimated at 
36 US GPS stations from day 260-290, 2001 with two 
different dry mapping functions.  All other processing 
parameters were identical. We see a 3% systematic 
effect and larger rms scatter of the “12-deg minus 7-
deg cutoff” solutions with the Neill mapping funtion. 
This clearly indicates the need for improved mapping.  
Therefore we modified SuomiNet processing to a new 
mapping function. This new mapping function, called 
“direct mapping” was introduced by Rocken et al. 
(2001).   
 
One approach to direct mapping is to use the output of 
a gridded numerical weather model and interpolate to a 
specific time and location to obtain a site and time 
specific profile of refractivity. Then a location and 
date-specific mapping function can be computed and 
used in the GPS analysis.  For SuomiNet processing we 
have begun to use the Aviation (AVN) model for direct 
mapping. These models are available in near real time 
and originate from NCEP.  The grids are 1.25 degree 
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by 11 levels (1000, 850, 700, 500, 400, 300, 250, 200, 
150, 100, 70mb) with a six hour time spacing. 
 
Mapping functions remain an active area of research 
because of an increasing interest in ever lower 
elevation GPS observations.  A large number of 
observations are collected at low elevation angles as is 
shown in Figure 6 for an example single frequency 
receiver near Lamont, OK. Also, low elevation 
observations are important for tomography and they 
contain most information about the lowest troposphere, 
including some information about the atmospheric 
profile (Sokolovskiy et al., 2001). 
 
Fig. 6 shows the number of observations per elevation 
bin for one day from a site near Lamont OK. Note the 
increasing number of observation for lower elevation 
angles. The decrease below 5 degrees is a result of 
receiver tracking problems at those elevations. 
  
 
 
 

mm 

 
Fig. 5 shows that the elevation dependent difference between 7 and 12 degree elevation cutoff solutions is
significantly reduced with direct mapping as compared to Niell mapping.  

mm 

mm 
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4.  Slant Delay  
 
Presently, routine SuomiNet analysis focuses on the 
estimation of zenith delay parameters and PWV 
estimation. In the future we plan to also generate slant 
delay estimates (Ware et al. 2000, Braun et al., 2001, 
Pany 2001 a & b). We are interested in generating SD 
and SWD because of its application to tomography and 
data assimilation. Promising simulation studies by 
McDonald et al. (2001) showed that SWD 
measurements from a dense GPS network can be used 
to determine three dimensional water vapor fields. 
Based on the success of these simulations and recent 
results validating GPS slant measurements 
(www.gst.ucar.edu/~braunj/swv) NOAA/FSL is now 
proposing to establish a large GPS network at the 
Texas and Oklahoma Mesonet sites (Peterman et al., 
2001).   
  
 
5.  Impact Studies 
 
While research is ongoing to improve the accuracy of 
the tropospheric estimates, reduce the latency of the 
results,  and to extract more information from the GPS 
observations the key question that still needs to be 
answered is: “What is the value of these observations 
for weather forecasting?”  We are addressing this 
question with impact studies.  
 
 One of the densest areas of SuomiNet is in the 
Oklahoma-Kansas area where 22 SuomiNet and 
NOAA FSL sites form a network with ~150 km 
spacing (Figure 7). This area also includes a single-
frequency L1-only network near Lamont, OK, and it is 
the most likely to benefit from further network 
densification as was mentioned in the previous section.  
 
 
This is the reason why this area was chosen for impact 
studies using the NCAR MM5 4-dimensional 
variational data assimilation (4DVAR) in an Observing 
System Simulation Experiment (OSSE).  For this 

experiment, we selected a squall line case with a 
maximum 24-hr precipitation of 90mm, which 
occurred over the test region on October 30, 1999.   In 
OSSEs, the simulated observations are generated from 
an assumed GPS network using a high resolution 
mesoscale model. The truth was represented by a 
“nature run” of MM5 with 3-km horizontal resolution 
(Figure 8). The GPS observations were simulated by 
computing straight line integrated water vapor from the 
stations in the direction of the GPS satellites through 
this “truth atmosphere”. Then we conducted four 
numerical experiments: (1) Perfect IC Run – The initial 
condition was obtained by taking the atmospheric state 
from every third grid point from the nature run at 
2100UTC 29 October. As this initial data is the best 
one we can currently get, this is called a “perfect initial 
condition”. (2) NO4DVAR IC Run – To obtain the 
initial condition for this experiment, the MM5 forward 
run was based on an NCEP analysis at 27-km 
resolution. The NO4DVAR initial condition was then 
linearly interpolated from 27-km to 9-km at 2100UTC.  
(3) Optimal IC1 Run – Through the four-dimensional 

October 1999

 29/21Z  30/03Z 29/12Z  30/00Z 29/18Z

Optimal IC Run
(9km)

4DVAR
3hr

(27km)

(GPS PW , SW D
 at 30 min interval)

Nature Run (3km)

Perfect IC Run (9km)
NO4DVAR IC Run
(9km)

27km Run

Fig. 8 shows a schematic of the experimental design for the OSSE to study the impact of PWV and slant water.  

Fig. 7  shows dense SuomiNet (stars) plus NOAA/FSL 
(circles) network in Kansas/Oklahoma area. 
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data assimilation of precipitable water over a 3-hr time 
window, the optimal initial condition was obtained at 
the initial time. The “PWV observations were obtained 
from the “true atmosphere” from the “nature Run” as 
explained above. A total of 64 GPS observation sites 
were used in the OK-KS region. (4) Optimal IC2 Run – 
PWV and SWD 4DVAR was conducted to get an 
optimal initial condition. Slant wet delay observations 
were also computed from the “nature run” over the 
same GPS network as in (3) using again the true 
satellite configuration at the time. Then the forward run 
was conducted at 9 km horizontal resolution with the 4 
different initial conditions to investigate the impact of 
GPS PW and SWD assimilation on the short-range 
rainfall prediction and the recovery of the moisture 
structure in the squall line. The 6-hour prediction 
results for accumulated rainfall from these OSSEs are 
shown in Figure 9.  It can be seen that assimilation of 
the PWV from measurements at the 64 sites (black 
dots) leads to better rainfall prediction (as compared to 
the prediction obtained with perfect initial conditions) 
than when no data are assimilated. It can also be seen 
that further improvement of the prediction is possible 
when in addition to PWV the slant wet delays are also 
assimilated.  The right four panels of Figure 9 show a 
comparison of equivalent potential temperature and 
vertical winds for a cross-section marked by a red line 

in the left panels.  It is interesting to note that the slant 
wet delay assimilation has strongly improved the 
retrieval of the vertical moisture structure. 
 
 
6.  Summary 
 
The establishment of SuomiNet is well under way.  In 
addition to the installation of the SuomiNet sites 
significant progress has been made in ground based 
GPS meteorology research. SuomiNet analysis is based 
on several years experience from processing the 
NOAA FSL results.  A summary of those results is 
presented for two example sites.  These results show an 
increasing trend in atmospheric water over a 5-year 
period that deserves a more thorough investigation.  
 
Our recent real-time processing results indicate that 
when using the IGS ultra rapid GPS orbits no further 
improvement in PWV (as judged from comparison 
with WVRs at 4  Oklahoma sites) can be achieved in 
our analysis with orbit improvements from the regional 
North American network.   
 
We have developed an improved mapping function that 
requires the availability of a gridded weather model 
during the analysis of the GPS data.  This mapping 

Perfect IC

Optimal IC1
(PW Only)

Optimal IC2
(PW, SWD)

NO4DVAR
IC

Optimal
 IC1

Optimal
 IC2

NO4DVAR
 IC

Perfect
 IC

Fig. 9 shows the key results of the OSSE. The black dots in the two  lower left panels are assumed GPS sites. The left 4 
panels show an area view of the 6-hour prediction of the accumulated rainfall for the 4 cases described in the text.. The 
right panels show a vertical cross section (at the location indicated by the red line in the left panels) of equivalent 
potential temperature and vertical wind. It can be seen that the assimilation of 30-minute PWV values improves the 
rainfall prediction over the NO4DVAR case. Assimilation of 30-minute slant water vapor results in further improvement. 
Especially the vertical profile appears to benefit from the availability of the simulated slant water observations. Random 
errors of 1.8 mm were assumed for the PWV simulations, errors for the slant water observations were computed assuming 
a random PW error of 1.5 mm plus the elevation dependent slant water error from Braun et al., 2001.   
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function was shown to significantly reduce the effect of 
elevation angle cutoff on the estimated PWV results. 
This effect was observed between 12 degree and 7 
degree cutoff angles.  An even more significant effect 
is expected, as lower elevation angles will be used in 
future slant wet delay work.   
 
Impact studies through the NCAR MM5 4DVAR 
technique have shown that PWV and to a greater extent 
slant water vapor measurements have significant 
positive impact on the short-range rainfall prediction 
and the moisture structure recovery. 
 
We hope that SuomiNet will stimulate additional 
research in the promising field of ground based 
meteorology, especially at the participating 
Universities.  
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