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Problem:


Tenaya Lake in Yosemite National Park contains the submerged, but rooted, upright trunks of thirteen trees.  All of the trees are rooted 11 to 13 meters below the elevation of the outlet sill.  Stine (1994) aged and dated cores from two of these trees.  Subsequently Stine (personal communication) examined cores from all the trees.  All of the trees date to 1000-1160 AD or 1250–1390 AD.  The presence of these trees demonstrates two persistent, low stands of Tenaya Lake for periods of 140 or more years, because inundation of the tree roots and base for more than a few months at most will kill them.


Tenaya Lake lies in a glacially-scoured granitic basin (Bateman and others, 1983, and Huber and others, 1989).  Water can leave the lake either as surface flow over the outlet sill or by evaporation.  Examination of the area down gradient (southwest) of the lake has shown no evidence, to date, of quantifiable groundwater outflow except, perhaps, when the lake is relatively high i.e. more than 15 cm above the sill.  When the lake surface is appreciably below the outlet sill, the lake volume is diminished only by evaporation.  During the two low stands of Tenaya Lake 600 to 1000 years BP, lake inflow averaged over the periods when the trees grew would have been equal to or less than the evaporation from a lake surface 11-13 meters below the sill elevation.  One can make a rough estimate of the maximum possible annual runoff volume by assuming an evaporation rate appreciably greater than present and a lake area only 60 percent of present.  The corresponding mean annual volume of runoff into Tenaya Lake would be from 5 to 25 percent of the mean annual runoff over the period 1912-2002.  Estimated runoff increases as the assumed lake evaporation increases.  The value of 25% of current runoff was determined by assuming lake evaporation typical of El Portal today.  This calculation is, admittedly, crude and subject to considerable uncertainty.  It does demonstrate, however, that runoff into Tenaya Lake from the watershed during the periods of sustained drought 600 to 1000 years BP was substantially less than has been typical over the past century or more.  A primary objective of this research is to obtain a much more precise estimate for the Tenaya Creek runoff during the two droughts.

Globally, the climate 600-1000 years BP was unusual compared to the conditions that have prevailed for most of the Late Holocene (3000 BP – Present), (Wright and others, 1993; Crowley, 2000; and Jones and others, 2001).  This climatic period is commonly known as the “Medieval Climate Anomaly”.  Although unusual for the Late Holocene, the Medieval Climate Anomaly was rather similar to the climate of the Mid Holocene (10,000 – 3000 years BP).  Paleoclimatic investigations throughout the Sierra Nevada Mountains and, indeed, across the Western U.S., have found evidence of the climate anomaly in shifts in vegetation, an abundance of charcoal from forest fires, smaller lakes, and variations in the ratio of certain stable isotopes, etc., suggesting sustained droughts during the periods 1000-1160 AD or 1250-1390 AD (e.g. Anderson, 1990; Stine, 1990; Smith and Anderson, 1992; and Hughes and Graumlich, 1996).  The submerged trees rooted in Tenaya Lake are consistent with the evidence of sustained regional droughts.  There is broad agreement across the considerable paleoclimatic literature of the western U.S. concerning the dates and qualitative characteristics of the Medieval Climate Anomaly.  Only those studies about the area nearest to Tenaya Lake have been cited.  Paleoclimatic studies to date, however, have provided little or no quantitative information concerning runoff or streamflows during these droughts.  For example, Meko and others (2001) have estimated annual flows for the entire Sacramento River Basin using tree ring analysis, although the uncertainty is considerable as the reconstructed drought flows are much less than any values recorded during the calibration period.
A reconstruction of precipitation in the central Sierra Nevada Mountains over the past 1000 years using tree ring records by Graumlich (1993) gives a rather different impression of drought severity 600-1000 years BP, although not necessarily inconsistent.  Her analysis found evidence for periods of sustained drought from 1021to 1070 AD, 1250 – 1299 AD and 1315-1364 AD, however, the mean precipitation for these periods was estimated to be no less than 80 percent of the 20th century mean.  It seems quite unlikely, but not impossible, that a 75% or more decrease in surface runoff could be associated with only 15-20% decrease in precipitation.  Annual surface runoff is typically more variable than precipitation because years with below normal precipitation also tend to have above normal temperatures and below normal humidity and cloudiness.  Accordingly, moisture losses due to soil evaporation, sublimation evapotranspiration etc. may increase during years with below normal precipitation, and the deficit in annual runoff may be much larger than the precipitation deficit alone would indicate.    Indeed, there is a reason to believe that evaporation related losses during the Medieval Droughts were significantly larger than occurred on average during the 20th century.  Analysis of tree ring records by Graumlich (1993), Scuderi (1993), and Hughes and Graumlich (1996) indicates summer temperatures were as much as 0.50°C greater than the recorded 1928 to 1988 mean.  Another factor tending to increase basin evaporation and reduce basin runoff is solar irradiance, which also appears to have been relatively high 1000 to 1120 AD and 1250 to 1390 AD, (Bard and others, 2000).  Nevertheless, it is difficult to envisage a climate where basin evaporative losses would be sufficiently elevated to reduce surface runoff in the Tenaya Creek Basin by 75% while the mean annual precipitation was only somewhat below normal.

Objective:

The objectives of this study are to (1) define the daily water budget for Tenaya Lake, that is, the quantity of inflow, outflow and surface evaporation, over a variety of climatic and hydrologic years and (2) reconstruct as precisely as possible the range of climatic conditions, precipitation, temperature, humidity, wind, cloudiness, etc., that could result in a substantially smaller Tenaya Lake with a surface elevation 11-13 meters below the outlet sill for a century or more.  The principal objectives of this study are to understand the climatic and hydrologic conditions during the two periods of sustained drought 600-1000 years BP.  A detailed, current water budget for the Tenaya Creek Basin will also provide worthwhile information concerning the present phase of global warming on the hydrology of the Sierra Nevada alpine zone.
Method and Approach

The Tenaya Lake Water Budget (TLWB) investigation will entail continuously recording water inflow, water outflow and changes in the volume of Tenaya Lake.  Four Solinst water level recorders would be required to make the desired measurements.  The Solinst recorder is a self-contained pressure transducer and data logger, 7/8 inches in diameter and 4.9 inches long.  A manufacturer’s description of the Solinst Levelogger is attached.  The device measures and records the hydrostatic pressure and, thus, the depth of flow above the sensor, every 15 minutes for a period of up to 15 months.  The continuous record of water discharge is calculated from the correlation of water discharge with flow depth construct from discharge measurements made over a range of flows.

Each Solinst recorder will be deployed and concealed from view within a hole drilled in a large boulder, weighing approximately 50 lbs.  The sensor will be secured in the drilled hole; however, the opening of the hole must remain clear so that the pressure on the transducer is unaltered.  The boulders can be selected from the available material in the stream bed or, alternatively, boulders of a distinctly different lithology from outside the Park can be used and then removed when the study is finished.  The location and precise elevation of each device will be determined by both GPS and total station surveys.

A map of the Tenaya Lake watershed is attached.  The proposed locations for the four Solinst recorders are identified by the solid red triangle.  The proposed sites are as follows:

1. A pool in Tenaya Creek, immediately adjacent to Pywiack Dome

2. A pool in Cathedral Creek, immediately adjacent to Pywiack Dome, preferably under or close to the footbridge
3. A pool in Murphy Creek, immediately upstream of the culvert under the Tioga Road; and
4. Near the southwest end of Tenaya Lake at a depth of 1.5-3.0 m.

None of the recorders would be placed within the designated wilderness area around Tenaya Lake.  Except for the recorders, there would be no disturbance of the stream bed, stream banks, or the adjacent area at the stream gage sites. The two recorder sites adjacent to Pywiack Dome will be within bedrock pools.  Below the confluence of Tenaya and Cathedral Creek, it is likely that a portion of the surface flow enters the shallow, alluvial aquifer and flows into Tenaya Lake as groundwater.  By locating the gages near the base of Pywiack Dome, the surface runoff from Tenaya and Cathedral Creeks can be measured before flow is lost to the alluvial aquifer.
Tenaya, Cathedral, and Murphy Creek basin comprise 77% of the area contributing runoff to Tenaya Lake.  Runoff from the remaining area is dispersed among many poorly-defined channels, rills, and even sheet flow over bedrock.  It will be impractical to gage most of these sources.  There may be, however, some additional culverts down the Tioga Pass Road that would be worthwhile monitoring in the future.  Runoff contributed by the ungaged area will be estimated based upon relations  among basin characteristics, e.g. distribution of area by elevation, slope and aspect, and runoff in Tenaya, Cathedral, and Murphy Creeks.  
The Tenaya Lake Water Budget study is complementary to the ongoing USGS investigation of hydroclimatology of the Tuolumne and Merced River Basins, (Lundquist and others, 2003).  The TLWB will use information collected by existing studies, such as the Tenaya Basin Snow Sensor, employ the same type of sensors to measure streamflow and lake surface elevation, and extend the geographic area of the joint study.  A database that will include all hydroclimatological information collected in the Tuolumne, Merced, and Tenaya Basins is being constructed at the Western Regional Climate Center, Desert Research Institute, University of Nevada.  Currently, precipitation is being measured at the California Department of Water Resources meteorological station located adjacent to the picnic area parking lot at the northeast end of Tenaya Lake.

A bathymetric map of Tenaya Lake will be constructed from soundings of lake depth at known locations.  The soundings can be made from a small, inflatable paddle raft.  Raft location at the time of a sounding will be determined by total station survey referenced to existing benchmarks around Tenaya Lake (see attached maps).
The Solinst sensor placed in Tenaya Lake will provide a continuous record of the lake surface elevations.  Lake volume and lake outflow will be calculated from the surface elevation using the bathymetric map and water discharge measurements at the outlet.

During most years, outflow from Tenaya Lake ceases sometime in August and does not resume for several weeks to months.  Also during this time, inflows to Tenaya Lake are insignificant other than the three streams to be gaged, except during periods of appreciable rainfall.  Accordingly, evaporation from the lake surface can be determined rather precisely from the change in lake volume and the gaged inflow.  In order to extrapolate evaporation rates throughout the year, measured evaporation rates will be correlated with air temperature, humidity, wind velocity, and light intensity recorded at the existing meteorological station and a profile of near-surface water temperatures in the lake.  Lake water temperatures will be recorded at 20 cm increments along a fully submerged mast and stored on a submerged datalogger.  The mast will be co-located with the lake surface elevation sensor.  
Submerged trees have been found in other Sierra Nevada lakes, most notably Lake Tahoe, Fallen Leaf Lake, and Mono Lake.  None of these lakes, however, would provide the information directly concerning California’s most important source of runoff.  More than one-half of the total annual runoff of California is contributed by the west slope of the Sierra Nevada Mountains above 7,000 feet.  The Tenaya Creek Basin lies within this most important watershed.  Tahoe, Fallen Leaf, and Mono Lakes lie east of the Sierra Crest and have a different climate and hydrology.  Furthermore, an analysis of the water budget for any of the other lakes would be challenging, perhaps impractical.  Each lake is bound by significant alluvial deposits that convene groundwater into or out of the lake.  Groundwater flow is a significant component of the water budget for each of the other lakes and would be difficult to determine accurately.  Finally the hydrology of each of these lakes has been altered substantially by human activities and it would be difficult to determine the baseline or unaltered water budget over the past 100 years.

The proposed Tenaya Lake Water Budget study could begin in mid-August, 2004 with the establishment of the four gage sites and a bathymetric survey of Tenaya Lake.  With this schedule, the monitoring network would be operating on October 1, 2004, at the beginning of the 2005 water year.  The proposed study would run for 5 water years to September 30, 2009.  I anticipate that annual fieldwork will involve two visits of a few days to a week (1) during the snowmelt runoff in early June and (2) in September, at the end of the water year.  This research will be supported by USGS climate change funds.
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