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1.
INTRODUCTION
2.
EXPANDING THE NOAA/FSL GPS-IPW 
Ground-based Global Positioning System (GPS) receivers are capable of making accurate measurements of atmospheric refractivity with high temporal resolution under all weather conditions (Wolfe and Gutman, 2000).  The first use of ground-based GPS for atmospheric remote sensing was in the measurement of integrated (total column) precipitable water vapor (IPW) above a fixed site (Bevis et al., 1992 and Rocken et al., 1993).  The technique currently used by NOAA’s Forecast Systems Laboratory (FSL) to make this measurement is mature, routinely implemented on four continents, and almost ready for transition to operational use.
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A disadvantage of this technique is that it provides no direct information about the vertical distribution of water vapor in the atmosphere.  As a consequence, techniques to make best use of these data by assimilating them into numerical weather prediction models are under development and testing in the United States, Europe, Japan, and Australia.

Since 1997, parallel runs (with and without GPS) have been carried out with the research version of the RUC model to assess how these data affect weather forecast accuracy.  Results from the first 2 years have been encouraging despite the fact that the observations came from only a limited number of widely spaced sites.  Results from data acquired from more sites over a larger area through September 1999 confirm a significant improvement in forecast accuracy, especially under conditions of active weather.

The decision to implement ground-based GPS-Meteorology (or GPS-Met) as a next-generation upper-air observing system will be based in part on the results of this and similar assessments.  In anticipation of a favorable decision, network design and implementation options for a national network of ground-based GPS-IPW systems are being evaluated at FSL.  Finally, new data acquisition, processing, and analysis techniques are under study that may permit the full 3-d moisture structure of the atmosphere to be retrieved from line-of-sight GPS signal delay measurements (MacDonald and Xie, 2000).
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DEMONSTRATION NETWORK
The configuration of the NOAA/FSL GPS-IPW Demonstration Network in September 1999 is presented in Fig. 1. The network is being built in a collaborative effort with several organizations that has reduced costs and accelerated implementation. The project is possible because of a fortuitous synergy between meteorological remote sensing and the positioning and navigational applications of GPS by the U.S. Coast Guard and U.S. Department of Transportation.  Thirty four systems are now located at NOAA Profiler Network sites, 7 at sites affiliated with NOAA (including 4 at NWS offices), and 14 at facilities belonging to the U.S. Coast Guard (USCG) and U.S. Department of Transportation (DoT). Typical sites belonging to each organization are illustrated in Figs. 2-5, respectively.

Figure 1. NOAA/FSL GPS-IPW network as of September 1999.

The expansion of the NOAA/FSL GPS-IPW network from 55 to about 200 stations (Fig. 6) will be mostly accomplished over the next few years by installing NOAA-provided surface meteorological sensor packages at sites belonging to the U.S. Coast Guard, DoT, and U.S. Army Corps of Engineers.  These surface meteorological sensor packages, called the GPS Surface Observing System (GSOS), are low-cost all digital systems developed for FSL by the National Data Buoy Center (Fig. 7).
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Figures 2 and 3. GPS-IPW installations at a NOAA Profiler Network site at Platteville, CO (left) and at the NWS National Data Buoy Center at NASA Stennis Space Center, MS (right).
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Figures 4 and 5.  GPS-IPW installations at  the U.S. Coast Guard Differential GPS site at Cape Canaveral Air Force Station (left) and at the Department of Transportation Nationwide Differential site at Whitney, NE (right).
Figure 6. Possible configuration of the NOAA/FSL GPS-IPW Demonstration Network by 2005.  Sites in Hawaii and the Caribbean Sea are not shown. 
Figure 7. GSOS installed at the USCG DGPS site at Mobile Point, AL.
3. [image: image8.jpg]


IMPLEMENTATION OF REALTIME DATA PROCESSING TECHNIQUES
Real-time GPS-Met is defined as acquiring and processing GPS and ancillary observations to yield signal delay or IPW calculations within a single NWP assimilation cycle.  In the case of the RUC now running operationally at the National Center for Environmental Prediction, this is approximately 75 minutes.

All ground-based GPS-Met data processing techniques require knowledge of the positions of the GPS satellite constellation with accuracy better than 25 cm.  Orbits with accuracy much better than this are now available from the International GPS Service (IGS) orbit centers with about 24-30 hours latency.  The major impediment to implementing real-time data processing techniques is the timely availability of improved orbits of the required accuracy.

To circumvent this requirement, some researchers use 48-h predictions that are, in many cases, accurate enough to calculate IPW with comparable accuracy to retrospective (precise) orbits (WAVEFRONT Interim Progress Reports, 1997-98).  The exception occurs when one or more GPS satellite orbit predictions are in substantial error, a condition that occurs about 20% of the time.  This happens in part because of unannounced satellite maneuvers and uncertainties in modeling the forces on some satellites as they enter and emerge from the Earth’s shadow.  The problem is that without the application of some external quality control measures, it is impossible to tell a good orbit from a bad one.  In this circumstance, IPW errors in excess of 50% are not uncommon.


Actual real-time data processing techniques are under development for NOAA/FSL in a collaborative effort with the Scripps Permanent Orbit Array Center (part of the Scripps Institution of Oceanography) and the University of Hawaii at Manoa. One of these techniques involves acquiring data from a subset of the IGS global tracking network and using these observations to produce an improved retrospective orbit with only about 2-hour latency.  An orbit prediction that covers the data gap is also made, and it is this short-term prediction that is used to calculate IPW.  In theory, the error in a prediction that spans only 2-3 hours will be proportionally less than an error made over an interval of 36-48 hours.


Real-time quality control techniques are also under development and testing. One technique involves continuously monitoring the relative positions of a number of sites, and using these to infer a systematic drift in orbit accuracy.

4.
OPERATIONAL GPS-IPW NETWORK IMPLEMENTATION STRATEGY

The expansion of the GPS-IPW Demonstration Network to about 200 sites, and the move from retrospective to real-time data processing are intended to facilitate assessments of the impact of these data on weather forecast accuracy.  Based on the results of these studies, a decision to implement ground-based GPS-IPW as a next-generation upper-air observing system for NOAA is expected.

In anticipation of a favorable decision, we have developed the following scenario to expand the GPS-IPW Demonstration Network to an operational network of about 1000 sites with and average station spacing of somewhat less than 100 km.
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· Transition the GPS-IPW Demonstration Network sites to operational status.  Receivers and antennas will be upgraded, and communications will move from FTS-2000 to the AWIPS communications system via the Internet.
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Add GPS receivers to approximately 800 Automated Surface Observing System (ASOS) sites (Fig. 8) over a period of about 4 years.  Collocating GPS at ASOS sites will take advantage of the surface meteorological data and  site infrastructure including shelter, power, data communications, field maintenance, and logistics support. This will minimize implementation time and life cycle cost.   The GPS antenna installation at a typical ASOS site may look something like the installation at the new David Skaggs Research Center in Boulder, CO (Fig. 9).

· Data processing hardware, software, and training will be provided to Advanced Weather Interactive Processing System (AWIPS) offices (Fig 10). 
Figure 8. ASOS installation at Cape Hatteras NC

Figure 9. GPS installation on the roof of the David Skaggs Research Center (DSRC) in Boulder CO.

Figure 10. Advanced Weather Interactive Processing System (AWIPS) offices.
· GPS and ancillary surface meteorological data from local or regional area networks will be acquired and processed locally at AWIPS sites.

· GPS observations will be shipped to NGS for distribution to the surveying and geodetic communities.  Data and products will be shipped to NCEP, other NOAA facilities, and the general public via the AWIPS communications network. 

5.
SLANT-PATH SIGNAL DELAYS FOR THE RETRIEVAL OF 3-D MOISTURE STRUCTURE


One of the most interesting and potentially significant developments in ground-based GPS meteorology comes from recent observing system simulations conducted at FSL (MacDonald and Xie, 2000).  These simulations indicate that it may be possible to recover the three-dimensional structure of the moisture field from a densely spaced network of ground-based GPS receivers making single line-of-sight (or slant-path) measurements of the signal delay to all satellites in view.


Fig. 11 represents the configuration of the GPS satellite constellation as seen from Boulder Colorado on September 28, 1999 between 1200 and 1300 UTC.  A GPS satellite moves across the sky at the rate of about 30 degrees per hour.  Although 10 satellites are visible above the horizon in this example, 6-8 is more typical at any one time.

Figure 11 Configuration of the GPS satellite constellation as seen from Boulder CO on September 28, 1999 between 1200 and 1300 UTC.


Making a slant-path signal delay measurement with the same accuracy as a zenith-scaled measurement is not trivial.  This is because the sources of measurement error that are successfully managed through geodetic modeling of the tropospheric signal delay will have to be dealt with in other ways.  Although some of the most important information about the structure of the atmosphere can be obtained from low angle observations, measurement errors increase significantly along with the negative impact of multipath reflections from nearby obstacles as satellites approach the horizon.


One way to mitigate these problems is to utilize advanced GPS receivers and antennas that maximize the ability to track satellites under all conditions and reject multipath reflections.  Unfortunately, not all problems can be eliminated through the selection of hardware, and advanced data processing techniques will be needed (El(segui et al. 1999). 


However, research at Scripps and Hawaii into ways to monitor the accuracy of GPS orbit predictions suggests that these techniques can also be used to reduce systematic errors in slant-path signal delay or refractivity measurements to individual satellites. 
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