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The files in this directory summarize comparisons of various monument types with respect to their “stability”.  I started with sketch provided to me by Valerie Thomas from USGS's Pasadena Office, SCSN_site_conceptual_drawing_deep.pdf, and after getting evaluations from Freddy Blume and Henry Berglund of UNVACO, doing my own analysis, and consulting with the UNVAVCO webpages, Kristine Larson, and Chris Walls, I arrived at my recommendations for monuments for EEW,  EEW_GNSS_site_monuments.doc.  Part of my motivation is that I've been appointed to the EEW site design committee, which consists of engineers who have done extensive installations of seismic sensors; I'm the lone geodesy “type”.

Further motivation came from the  SCSN_site_conceptual_drawing_deep.pdf sketch, which outlines having a GNSS antenna mounted just above the solar array.  Depending upon the quality of rock and the additional side bracing, one could argue that the monument is close to that of a short drill braced monument (SDBM).  However, with the solar panels mounted just underneath the antenna, this could impact the multi-path environment; better designs would put the solar panel > 8 meters from the GNSS antenna and placed either due east or due west of the monument.

For EEW, there could be a tendency to try to install the cheapest monument as possible, since the goal is to recover the offset due to a largish earthquake for which the displacements occur over the period of a few minutes.  The reality is that with any new site installed with EEW funding, it is most likely that the data will be used for modeling tectonic or other processes which require monuments that are “stable”. Less likely scenario is that the data will contribute to a warning to the public that might happen during our lifetime  Consequently, even though EEW is paying for the monument, best practices should be followed when selecting and installing a new monument. There may be cases where the prospective site might be OK for seismic sensors, but not good for GNSS; and GNSS shouldn't be installed.

After reviewing the results from Blume and Berglund (Blume IGS2014 PY06.pdf) and my own analysis, compareALL.txt & psd_compareALL.pdf, I arrive at the following conclusions:

· For both sets of comparisons, we evaluated different monument types that were separated by up to a few 10s of meters.  We evaluated deep drill-braced monument (DDBM), SDBM, pillars, rock-pins or masks, and well casings.

· For soils with high clay content (ie, Parkfield and SF Bay Mud), this requires an engineered monument such as a DDBM. Even then, seasonal signal will leak into the long term time-series, but with reduced amplitudes compared with lower cost monuments.

· At the other extreme, for areas where it is dry and large areas of rock outcrops, (ie, Nevada), a simple, inexpensive rock pin should be adequate. Of course, to keep it above any snow (if any) and vegetation, the antenna needs to be > 1 meter above the ground – but to insure the pin's or mast's stability during shaking, it should be braced and that monument becomes SBDM.

· The “default” monument should be a SDBM, which has been incorporated into later conceptual drawings for EEW sites.  However, in environments where there is no near-surface rock, DDBM should be used.

Summary of Blume and Berglund
In 2012, UNAVCO installed five monument farms in different environments. For the Blume and Berglund presentation to the IGS, they only had less than a year of data from each “farm”.  Each farm consists of 3 monuments and with one being a DDBM. Since they had only a limited interval, and importantly, short baselines, they looked a differences in the displacements (using GAMIT with Tom Herring as the “driver”) between the three monuments is each farm. In several cases, they could identify tiny, sub-millimeter. rainfall induced displacements seen on the non-DDBM. From this, they conclude that the DDBM is, in general, a better monument than the others. Of course, with less than a year of data from each farm, the longer term stability could not be evaluated.

In addition, they looked at one site in the “east bay” in the San Francisco area for which there were several years of data; WINT and WIN2. The WINT was installed in the early 1990s by USGS Menlo Park and could be consider a SDBM, and WIN2 was installed ~ 8 years ago by UNAVCO as a DDBM. The site is in, what I call, “Bay Mud”. (If I recall, the legs of WINT were pounded to “refusal” with a portable “Cobra drill”, and not drilled).  Overlaying the time-series indicates that the DDBM produces a much “flatter” time series; the seasonal periodicity is attenuated when compare with the SDBM.

Summary of my analysis
The results of my analysis are found in two files, psd_compareALL.pdf and compareALL.txt. Here, I looked at the data from the five monument farms, the WINT/2 data, and data from three other sets of time series, one set from a well casing/DDBM pair, and two sets from the two color EDM measurements at Parkfield comparing DDBM and pillars.

My findings from the WINT/2 and the two Parkfield sets, reenforces the desirability of DDBM in the case where the soil has high clay content; the DDBM monuments reduce the amplitude of the seasonal signal relative to the non-DDBM.

Even though there are now three years of data, instead of the < one year analyzed by Blume and Berglund, for the five monument farms, I could not identify a clear “winner” monument in terms of long-term stability. Instead of having relative displacements as B & B with their sub-millimeter precision, I used the PBO “combined” solution time-series, which is an “absolute” positioning.  For this, I ran each time series through my revised est_noise package of programs (http://escweb.wr.usgs.gov/share/langbein/Web/OUT/est_noise/) and determined the best noise model; for the DDBM monument time series, these noise models are represented as power spectra in the top panels in  psd_compareALL.pdf. Then, to compare the different monument types relative to the DDBM, I differenced the power spectra from the DDBM and those difference are shown on the remaining panels. Likewise, based upon the optimal noise model for each time-series, I tabulated the rate, seasonal amplitudes, and their standard errors.  After reviewing power spectra and the tabulated results and with the limited length of the time-series, it became apparent that the seasonal, modeled both as a simple sinusoid and as a bandpass filtered noise source, is currently the best metric to compare monuments; The longer term stability, required for tectonic studies, can't be robustly quantified with the available data.

The refined analysis that B & B did with the differential position estimates needs to be re-run with the longer time interval. From there, examination of the differences can be evaluated relative to other observations (ie, rainfall) and noise-modeling using est_noise. (I should note that the rainfall effects observed by B & B can be seen in the combined PBO time-series, but one has to squint and know where they are!).

