Introduction

Gravity monitoring is a promising method for directly monitoring ground-water storage change.  No hydrologic methods exist for directly measuring change in ground-water storage on basin scales resulting in highly uncertain water budgets for areas where significant change in ground-water storage are common.  An example of such an area is the desert Southwest of the United States, where recharge occurs sporadically and water demands are in excess of annual replenishment of reservoirs.   Variations in water levels provide a sense of storage change, but are not quantitative.   Variations in stream baseflow can be used in combination with other measured water-budget components to indirectly estimate storage change over long periods, the length of which depends on aquifer response times to variations in recharge and discharge.   The acceleration of gravity, however, can be precisely measured to accuracies of several centimeters of water at small scales from stations at the land surface or at subcontinent scales from space (GRACE).    Monitoring of gravity in aquifer areas can be a useful for directly quantifying ground-water (water mass) storage change.

Gravity change is being monitored by multiple agencies in several areas of the desert southwest United States for the purpose of monitoring changes in aquifer-system storage.   Ground-water storage is an important source of water for expanding populations and associated increased water demand.  Monitoring of changes ground-water storage is important for assessing the overall water supply and estimating rates of supply depletion.   Gravity methods are being applied because hydrologic methods are unavailable.    Traditional hydrologic monitoring methods such as monitoring of water, levels in wells and stream baseflow, provide a sense of changes in ground-water storage, but are not direct measures.  Direct measure of ground-water storage change using gravity methods should reduce uncertainty in ground-water budgets and improve evaluation of the water supply.  This discussion focuses on observations of absolute gravity that provide control for more extensive monitoring in most of the study areas.   Observations are made with an FG5 gravimeter (Micro-g Solutions, Erie, Colorado) operated by NOAA-NGS.   Observations are generally accurate within +-2microGal, which includes observational error, instrument accuracy and precision, and estimated error for environmental corrections. 


Gravity monitoring began in the late 1980’s with installation of two absolute stations near Tucson that were observed only a few times for a University of Arizona investigation (Cole, 1990).   Ongoing monitoring programs began in 1998 with the installation of a network of monitoring stations in the Tucson (USGS) and Phoenix (Arizona Department of Water Resources), Arizona areas that eventually included a combination of absolute, 7 near Tucson and 4 near Phoenix, and networks of relative gravity stations (see example map of Tucson basin contoured ground-water storage change Fig. x).  Absolute stations were added in the Verde Valley (5) (Arizona Department of Water Resources and USGS) and Upper San Pedro Valleys (3) (Upper San Pedro Partnership and USGS) of Arizona in 2000 to support networks of relative stations.   Observations of absolute gravity began at two stations in El Paso, Texas (UTEP) in 2002.   These stations are located in bedrock and aquifer areas where variations in gravity were expected to be minimal and significant, respectively.  Absolute stations in each area are generally observed in the spring and fall of each year, which are typically the dry seasons.  Monitoring of station position using GPS is also an integral aspect of the monitoring because land subsidence due to ground-water withdrawal is common in the areas.  The vertical component of the GPS data (collected since 2000) at all sites with standard deviations under the expected 2 cm threshold show no consistent elevation change trends and none greater than 2 cm/year.   Gravity variations can be caused by change in elevation due to the local vertical gradient of gravity, which is normally about -3 microGal/cm.  

Calibration is an important aspect of absolute gravimetry.   There is no metrologic gravity standard, so absolute gravimeters must be calibrated by intercomparison with other meters.   The FG5 (serial no. 102) used in this study is frequently compared to multiple meters at the Table Mountain Gravity Observatory (TMGO) near Longmont, Colorado operated by NOAA-NGS.  This observatory is used by Micro-g Solutions and other FG5 owners as a standard to which all meters are compared when they are first built or serviced.

Hydrologic Indications of Aquifer-System Storage Change

Hydrologic indicators of storage change include water-levels in wells and baseflow in perennial streams. Storage change should also be related to potential variations in recharge from precipitation.   Precipitation during the monitoring period was dominated by drought conditions.   Rates of recharge should, therefore, be below normal and storage during the period should be dominated by losses in ground-water storage as demands on the water supply far exceeded replenishment.  Hydrologic conditions that preceded gravity monitoring included above normal precipitation and recharge during the winter of 1998.   Wet summers occurred across most of the study area during 1998-2000.  However, above normal summer precipitation is not expected to produce significant recharge and increased ground-water storage because of high evaporative demands.  An additional significant wet period with potential for recharge and increased ground-water storage occurred in some of the area during the fall of 2000.  The greatest effect of this late wet period was likely in the Upper San Pedro Valley where record precipitation occurred during October 2000.  

Tucson and Phoenix Basins, Arizona

The longest period of contemporaneous hydrologic and gravity monitoring is in the Tucson and Phoenix basin areas.  Representative hydrographs in the two areas show the ground-water response to recharge along major ephemeral channels in response to recharge during and following the wet winter of 1998.  The initial large storage increase near the channels spread throughout a larger region of the aquifer and dissipated in magnitude during 1998-2000.   In the Tucson basin, the redistribution of storage migrated from the main ephemeral channels, Santa Cruz River and Rillito creek, which lie on the margins of the basin, toward the basin center.  In the Phoenix Basin, the main ephemeral channels are the Gila and Salt Rivers and redistribution of storage migrated from the channels and spread outward toward the alluvial margins of the basin.  No perennial streamflow data are available in either basin. 

Upper San Pedro Valley, Arizona

Hydrologic data in the Upper San Pedro Valley indicate above normal precipitation, recharge, and increases in storage occurred after October 2000.  Water levels recovered slightly and temporarily from a declining trend and baseflow in the San Pedro River at Charleston increased before decreasing to pre-existing levels. 

Verde Valley, Arizona

Hydrologic data in the Verde Valley indicate above normal precipitation rarely occurred after initiation of gravity monitoring in 2000.    Some recharge during 2000 may have temporarily reduced decline trends in water-levels and baseflow of the Verde River.
El Paso, Texas

Above normal precipitation has rarely occurred in the El Paso area in recent years indicating that opportunities for natural replenishment of the ground-water reservoir have been rare.   A declining trend in water levels of 1-2 feet per year is common in the heavily pumped areas east of the city indicating overall storage loss.  Baseflow in the Rio Grand River is not indicative of aquifer-system storage change because it is dominated by surface water releases from upstream reservoirs.

Observed Gravity Change

Since the longest records of gravity and hydrologic monitoring occur in the Tucson and Phoenix areas, data from these basins are the most readily interpretable, have the best correlation between the different methods and are discussed in the greatest detail.  Records in other areas are briefly discussed including the absolute gravimeter comparison record at TMGO.   

Tucson and Phoenix Basins, Arizona

Four of the absolute gravity stations in the Tucson area are located on bedrock—TUCSON AA, AB, AE, and AF.  TUCSON AA, AB, and AE are directly located on crystalline rock, but AA and AE near alluvial sediments.   TUCSON AF is located on Cretaceous sedimentary rock that likely transmits and stores ground-water.  Two stations are located on alluvium—TUCSON AC and AD.  Variations in gravity at all stations have been slightly greater than the accuracy of the measurements and most of the variation occurred within about one year following the wet winter of 1998.  Variations in gravity during 1998-99 are consistent with redistribution of the recharge that predominantly occurred along ephemeral channels.    Stations near major ephemeral streams—TUCSON AA and AE—display declines of several microGals during 1998-99 as recharge that occurred following the winter 1998 spread throughout a larger region of aquifer.  Stations at greater distance from major alluvial channels—TUCSON AC, AD, and AF—display a delayed increase in gravity in 1999 followed by decline in 2000 as water storage in the basin center increased due to hydraulic redistribution of the storage increase that originally occurred in major recharge areas.   Gravity variations after 2000 are minimal at all stations.  Note that observations during 2003 and 2004 are slightly higher than previous observations.  This marginal trend is common among the stations throughout the study area and may be in part caused by meter bias, because it does no correlate well with any hydrologic observations.  Complete analysis of the gravimeter intercomparisons at TMGO are needed to establish the magnitude of the bias if any.

All four of the absolute gravity stations in the Phoenix area are located on crystalline rock.  The best long-term gravity record in the Phoenix area is at PHOENIX AA, which has been occupied twice each year beginning in the summer of 1998.  PHOENIX AA is located on South Mountain, several miles from the Salt and Gila Rivers where recharge was concentrated in 1998.  The gravity record compares favorably with water levels at that lie between the two major streams.  Water-levels and gravity both increased above pre-existing values during 1999 about 10 feet and 10 microGals, respectively.   Shorter records at PHOENIX AB and AC and CASA GRANDE AA appear to display increasing trends; as does the recent record at PHOENIX AA.  The late trend of higher gravity values may be caused by meter bias in part.

Upper San Pedro Valley, Arizona

Variations in gravity at two of the three absolute stations in the Upper San Pedro Valley correlate well with hydrologic data.  Variations in gravity at PALOMINAS AA, located on alluvium, and FORT HUACHUCA AA, located on crystalline rock near the extent of the alluvium, appear to correlate well with nearby water-level records and baseflow in the San Pedro River at Charleston that display declining trends following extreme amounts of precipitation during October 2000.   Gravity, water levels, and baseflow also increase again during 2003, but the gravity increase may be in part caused by gravimeter bias.  The gravity record at TOMBSTONE AA, located on crystalline rock, displays an increase after 2003 that may also be caused in part by gravimeter bias.

Verde Valley, Arizona

Variations in gravity at absolute stations in the Verde Valley since the initial observations in 2000 are significant, but do not correlate well with trends in hydrologic data.  All of the stations display an increasing trend in gravity of about 5 to 12 microGals since 2001.  In addition, there does not appear to be a difference in trends among the various rock types, crystalline rock at PRESCOTT AA and AB, sedimentary rock at CLARKDALE AA and SEDONA AA, and alluvium at PAULDEN AA.   As at other stations, part of the increasing trend may be caused by gravimeter bias.

El Paso, Texas

By acquiring more surface water from the Rio Grande River, the City of El Paso has reduced its dependence on groundwater to about 50% of its total needs. Thus, declines in groundwater levels have been small for over 10 years. One El Paso station is located on a pier sunk into igneous bedrock at the seismic observatory on the UTEP campus, EL PASO AB.  The other station, EL PASO AC, is located on alluvial deposits in an area of heavy ground-water withdrawals at the El Paso airport. The decline curve for a nearby well shows that the water level has stabilized over the past 10 years even though pumping continues. Thus, the small changes in gravity observed so far at both stations are not surprising. 

Summary


Study areas with the longest period of record have the best correlation of gravity and hydrologic indicators of aquifer-storage change.  Intercomparison of absolute gravimeters is critical to monitoring trends in ground-water storage with gravity methods. 

