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Research Achievements in Year 1 

The fundamental targets of our investigation lie in the way that climate change will affect the suite of 
chemical, biological, physical, and socioeconomic processes that shape California’s water system. A warming 
climate increases the chance of co-occurring warm temperatures and lack of precipitation, causes some of the 
precipitation in the headwaters to fall as rain instead of snow, melts snow earlier in the spring, and increases rates 
of evapotranspiration in the lowlands, foothills, and mountains. A growing population’s needs combine with 
evapotranspiration to exacerbate water requirements during summer. 

California’s water system has a particular structure that shapes the way we address current and future 
management and adaptation to climate change and to the increasing demand from a growing population. Most 
human use of water in California supports agriculture in the Central Valley. The precipitation that supports this 
use occurs in the Sierra Nevada, mostly as snow that accumulates during the winter and melts in the spring and 
summer. On top of any trends in the climate, California’s water supply experiences huge interannual variability. In 
contrast, the demand for water varies much less. Reservoirs in the Sierra Nevada foothills hold in total only about 
the average annual snowmelt runoff. California’s passage of the Sustainable Groundwater Management Act 
provides the opportunity and the challenge to utilize the enormous void in the State’s groundwater storage, 
which resulted from a century-long withdrawal of groundwater in excess of recharge, as a reservoir to buffer 
against future water shortages. Managing this potential resource involves a variety of organizational and 
individual decisions, which are based on the magnitude and timing of runoff from the headwaters, the use of that 
water to meet agricultural and urban demands, the mechanisms and locations for recharge of groundwater, the 
water rights of landowners and the legal constraints on water districts, and the socioeconomic settings in which 
decisions are made. 

The first 11 months of our investigation have seen the following achievements: 
• Construction and validation of the ParFlow-CLM integrated hydrologic model of the Cosumnes River 

watershed, and data collection in preparation for a managed aquifer recharge experiment (the Cosumnes is 
one of our four river basins targeted for intensive investigation). 

• Intensive sampling campaigns for geochemistry and isotopes  in groundwater in the Shasta River watershed. 
Samples will be analyzed for calculating groundwater sources, flowpaths and ages, a critical piece of 
knowledge needed to manage groundwater sustainably in this basin of highly permeable geology (the Shasta 
is also one of our river basins targeted for intensive investigation). 

• Two isotopic sampling campaigns in the upper portion of the Cosumnes watershed to study source elevation 
of river water, which will be the source of the on-farm recharge experiment conducted in the winter of 2019. 

• Combining a hydrologic model with a surface-groundwater model to explore the effect of future climate 
scenarios on groundwater. 

• Exploration of the capabilities and limitations of land surface models to simulate snow properties such as 
seasonal and peak snow water equivalent, accumulation and melt rate, and climate sensitivity. 

• Improvements in the methods by which year-by-year assessments are made of the snowpack in the entire 
Sierra Nevada, which comprises the largest source for runoff. 

• Development of methods to understand how changes in forest structure—from climate, fire and fuel 
treatments, and post-disturbance recovery—influence climate-streamflow relationships. 

• Beginning an evaluation of water management plans and policies by groundwater districts in the Kings, 
American, Cosumnes, and Shasta River watersheds. 
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Groundwater modeling and data in the Cosumnes River Watershed 
Simulations were conducted to validate the ParFlow-CLM model with various remote-sensing platforms and 

datasets, including SNODAS (Snow Data Assimilation System), the snow water equivalent reconstruction method 
from UCSB, SMAP (Soil Moisture Active Passive) and METRIC (Mapping Evapotranspiration at high Resolution with 
Internalized Calibration). We assessed the hydrodynamic behavior of the watershed in a simulation spanning a 
recent drought followed by the highest precipitation year on record (water year 2015-2017). Our results show 
that groundwater storage is decreasing despite the extreme precipitation of water year 2017 due to the overdraft 
of groundwater pumping within the Central Valley. 

To support the modeling effort with data, we surveyed two sites for an experiment in managed aquifer 
recharge. The measurements include weather stations to understand local-scale estimates of evapotranspiration. 
For the subsurface hydrogeologic properties, we have been analyzing ~1000 digitally available well completion 
reports to better characterize the subsurface geology, which heavily controls groundwater flow and surface 
recharge. This database will be used to create a hydrogeologic framework needed for use with a site-scale, 
integrated groundwater-surface water simulation model that can be used to manage recharge. 

Flow, age, and transport of in the Shasta River Watershed 
Geochemistry and isotope samples were collected from wells, springs and groundwater in collaboration with 

local water authorities. Samples will be analyzed to constrain upper-level groundwater age, sources and flow 
paths. These estimates are critical for implementing more sustainable groundwater management practices. 
Geochemical sampling of isotopes supplements spatially limited groundwater age estimates from a few of the 
numerous springs and water supply wells in the valley. Time-sensitive samples have been analyzed immediately 
while the majority of samples will be analyzed in Spring 2019. 

Source elevation of the Cosumnes River 
Isotope samples were collected from nested sampling points in the watershed to study the source elevation 

of Cosumnes River water. Identifying the isotopic end-member is essential to trace the water applied in the on-
farm recharge experiment in Spring 2019 through the groundwater system. Preliminary data reveal clear trends 
with elevation and evidence of in-stream evaporation in late-summer samples. 

Climate scenarios and groundwater in the Central Valley 
To characterize the whole Central Valley, a suite of models has been used for the Sierra Nevada headwaters 

to the groundwater system. The modeling framework includes a distributed hydrologic model (VIC) for headwater 
watersheds, reservoir models for headwater reservoirs, and surface groundwater model (C2VSIM) for the Central 
Valley proper. The modeling framework is then forced by two climate change scenarios (RCP4.5 and RCP8.5) from 
the IPCC 5th Assessment. The results show that the Central Valley would likely lose groundwater at almost double 
the historical rate in a future climate if the land use patterns and water management policies remain as current. 

Climate and the future Sierra Nevada snowpack 
Exploration of the characteristics of a future snowpack requires analysis of the capabilities and limitations of 

land surface models to simulate current snow properties, such as seasonal and peak snow water equivalent 
(SWE), accumulation and melt rate, and climate sensitivity. The Variable Infiltration Capacity (VIC) model, 
commonly used in climate change impact studies, captures the magnitude and rate of change in SWE relatively 
well during the accumulation season, while overestimating melt rate and thereby underestimating SWE during the 
spring and summer months. Issues related to snow-albedo feedback or with precipitation partitioning being 
biased toward rainfall need to be further examined to provide realistic forecasts of the future. 
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Accumulation and melt of Sierra Nevada snow 
Assessment of the Sierra Nevada snowpack requires remotely sensed data to account for the spatial 

heterogeneity not captured by the surface sensor networks. With current technologies, the most accurate way to 
estimate the spatial distributed snow water equivalent is through reconstruction as the snow disappears by 
accounting for the energy used in melt. This approach requires an accurate estimate of the snow albedo, and we 
have developed new ways to measure this property from satellite. In addition, we have evaluated the existing 
snow-cloud discrimination capabilities and have developed an improvement. Finally, we have used NASA’s 
Airborne Snow Observatory to understand the spatial distribution and associated weather of a representative 
storm. 

Forest structure and climate-streamflow relationships 
In the Sagehen Creek Experimental Watershed, a mid-elevation, mid-latitude site with available co-located, 

long term high-resolution meteorological and hydrological data, we are calibrating the RHESSyS model to help 
understand how changes in the climate affect the forest and the streamflow relationships. 

Evaluation of water management plans and policies 
To evaluate water management plans and policies in the Kings, American, Cosumnes, and Shasta River 

watersheds, we have assembled a database of all organizations that are active in water management in each 
watershed, including municipal utilities, irrigation districts, nonprofit organizations, and federal and state 
agencies. We have also documented all public and private water rights holders in each watershed. We developed 
a coding scheme for analyzing their plans’ effectiveness, cost-efficiency, equity, and potential resilience to 
environmental change. We completed our analysis for the Kings River Watershed and are now working on the 
American. 

Multicampus collaborative components and activities 

The teams at UC Davis, LBNL, and LLNL have collaborated extensively on the groundwater modeling and 
monitoring in the Shasta and Cosumnes River Basins. Presentations at the AGU meeting included authors from the 
multiple institutions, and one session was co-convened by Dr. Siirila-Woodburn from LBNL, Dr. Visser from LLNL, 
Dr. Foglia from UC Davis, and Dr. Safeeq from UC Merced. From UCSB, PI Prof. Dozier and Dr. Bair met with groups 
individually from all campuses and labs, to better foster communication and data exchange among the various 
groups. We plan an all-hands meeting in the spring, to which we will invite all the investigators, postdocs, and 
students; we will also include interested scientists from the campuses to give us feedback and alert us to ongoing 
work. 

Publications 

Papers submitted for publication 
Bair, E. H., Rittger, K., Skiles, S. M., & Dozier, J. (in review). An examination of snow albedo estimates from MODIS 

and their impact on snow water equivalent reconstruction. Water Resources Research.  
Brandt, W. T., Bormann, K. J., Cannon, F., Deems, J. S., Painter, T. H., & Dozier, J. (in review). Quantifying the 

spatial variability of a snow storm using differential airborne lidar. Water Resources Research.  
Maina, F. Z., Siirila-Woodburn, E. R., Newcomer, M., Xu, Z., & Steefel, C. I. (in review). Understanding the impacts 

of climate extremes on California Watersheds with integrated hydrologic modeling and remote sensing 
techniques. Water Resources Research.  
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Rittger, K., Raleigh, M. S., Hill, A. F., Painter, T. H., & Dozier, J. (in review). Canopy adjustment and improved cloud 
detection for remotely sensed snow mapping. Water Resources Research.  

Stillinger, T., Roberts, D. A., Collar, N. M., & Dozier, J. (in review). Landsat 8 and MODIS Terra cloud masking over 
snow-covered terrain: Error analysis and spectral similarity between snow and cloud. Remote Sensing of 
Environment. 

Papers published 
Bair, E. H., Davis, R. E., & Dozier, J. (2018). Hourly mass and snow energy balance measurements from Mammoth 

Mountain, CA USA, 2011-2017. Earth System Science Data, 10, 549-563. doi:10.5194/essd-10-549-2018 
Bales, R., Stacy, E., Safeeq, M., Meng, X., Meadows, M., Oroza, C., . . . Wagenbrenner, J. (2018). Spatially 

distributed water-balance and meteorological data from the rain–snow transition, southern Sierra Nevada, 
California. Earth System Science Data, 10, 1795-1805. doi:10.5194/essd-10-1795-2018 

Dahlke, H. E., & Kocis, T. (2018). Streamflow availability ratings identify surface water sources for groundwater 
recharge in the Central Valley. California Agriculture, 72, 162-169. doi:10.3733/ca.2018a0032 

Dahlke, H. E., LaHue, G. T., Mautner, M. R. L., Murphy, N. P., Patterson, N. K., Waterhouse, H., . . . Foglia, L. (2018). 
Managed aquifer recharge as a tool to enhance sustainable groundwater management in California: Examples 
from field and modeling studies. In J. Friesen & L. Rodríguez-Sinobas (Eds.), Advances in Chemical Pollution, 
Environmental Management and Protection (Vol. 3, pp. 215-275). Amsterdam: Elsevier. 
doi:10.1016/bs.apmp.2018.07.003 

Foglia, L., Borsi, I., Mehl, S., De Filippis, G., Cannata, M., Vasquez-Suñe, E., . . . Rossetto, R. (2018). FREEWAT, a free 
and open source, GIS-integrated, hydrological modeling platform. Groundwater, 56, 521-523. 
doi:10.1111/gwat.12654 

Lundquist, J. D., Chickadel, C., Cristea, N., Currier, W. R., Henn, B., Keenan, E., & Dozier, J. (2018). Separating snow 
and forest temperatures with thermal infrared remote sensing. Remote Sensing of Environment, 209, 764-
779. doi:10.1016/j.rse.2018.03.001 

O’Geen, A., Safeeq, M., Wagenbrenner, J., Stacy, E., Hartsough, P., Devine, S., . . . Bales, R. (2018). Southern Sierra 
Critical Zone Observatory and Kings River Experimental Watersheds: A synthesis of measurements, new 
insights, and future directions. Vadose Zone Journal, 17, 180081. doi:10.2136/vzj2018.04.0081 

Rossetto, R., De Filippis, G., Borsi, I., Foglia, L., Cannata, M., Criollo, R., & Vázquez-Suñé, E. (2018). Integrating free 
and open source tools and distributed modelling codes in GIS environment for data-based groundwater 
management. Environmental Modelling & Software, 107, 210-230. doi:10.1016/j.envsoft.2018.06.007 

Conference presentations by Headwaters to groundwater investigators, postdocs, and students 

Presentations at the American Geophysical Union Fall Meeting, Washington D.C., 10-14 
December 2018 

Alam, S., Gebremichael, M., Li, R., Lettenmaier, D.P., & Dozier, J. Potential impact of climate change on 
groundwater storage in Central Valley, California. Abstract # H33N-2278. 

Arora, B., Brodie, E., Mekonnen, Z.A., Tokunaga, T.K., Wan, J., Steltzer, H., Wu, Y., & Steefel, C.I. Linking snowmelt 
and nitrogen cycling to vegetation community dynamics along a hillslope transect. Abstract # H33F-01. 

Bair, E.H., Rittger, K., & Dozier, J. The challenges of accurately modeling and measuring snow albedo: two new 
contributions to improve our understanding. Abstract # H43G-2500. 

Bart, R.R., Safeeq, M., Wagenbrenner, J., & Bales, R.C. How do forest fuel treatments affect watershed hydrology 
during extreme drought? Insight from the southern Sierra Nevada. Abstract # H12H-26. 
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Bouskill, N., Maavara, T., Bill, M., Brodie, E., Conrad, M.E., Sorensen, P., Steefel, C.I., Tokunaga, T.K., Wan, J., & 
Williams, K.H. Spatial and temporal dynamics of nitrogen in a mountainous watershed. Abstract # B53K-2207. 

Dozier, J., Bair, E.H., & Painter, T.H. Inversion strategies to retrieve snow albedo and temperature from 
spectrometers and multispectral sensors. Abstract # GC12A-08. 

Dwivedi, D., Steefel, C.I., Arora, B., Newcomer, M.E., Moulton, J.D., Dafflon, B., Faybishenko, B., Fox, P.M., Nico, 
P.S., Spycher, N., Carroll, R.W.H., & Williams, K.H. Biogeochemical controls on river water quality: Quantifying 
dynamic surface-subsurface interactions using reactive transport models. Abstract # H14D-05. 

Dwivedi, D., Xu, Z., Molins, S., Svyatskiy, D., Siirila-Woodburn, E.R., Moulton, J.D., & Steefel, C.I. What are 
dominant processes controlling subsurface geochemical exports in a multi-scale terrestrial ecosystem? 
Abstract # H23K-2075. 

Faybishenko, B., Tokunaga, T.K., Dwivedi, D., Christensen, J.N., Dafflon, B., Tran, A.P., Wan, J., Dong, W., Hobson, 
C., Arora, B., Steefel, C.I., Carroll, R.W.H., Wainwright, H.M., Versteeg, R., Williams, K.H., Long, P.E., Agarwal, 
D., & Hubbard, S. Statistical analysis of temporal-spatial distribution of infiltration and groundwater recharge, 
controlling vadose zone–groundwater hydro-biogeochemical interactions. Abstract # H11O-1656. 

Gooch, B.T., Foglia, L., & Hagan Webb, C. Tracing groundwater flow from the volcanic aquifers of Mt. Shasta to the 
Shasta Valley Basin alluvial aquifer and assessing the combined system’s vulnerability to climate change. 
Abstract # H34I-18. 

Guillon, H., Byrne, C.F., Lane, B.A.A., Solis, S.S., Pasternack, G.B., & Dahlke, H.E. Predicting channel forms from 
remote sensing data: A multi-tiered machine learning framework. Abstract # EP51E-1871. 

Haleakala, K., Gebremichael, M., Margulis, S.A., & Dozier, J. Projected snowpack in the Sierra Nevada, California: 
21st-Century trends, climate sensitivity, and uncertainty Abstract # EP53F-1974. 

Heeren, A., Conklin, M.H., Pathak, T.B., Safeeq, M., & Matlock, T. Strategies for communicating about climate 
change, drought and agriculture in California. Abstract # PA42C-07. 

Ismaili, S., Foglia, L., & Solis, S.S. Integrated water management in the Upper Russian River Watershed. Abstract # 
H11O-1643. 

Klos, P.Z., & Tague, C.L. The unseen canopy: Sensing lateral root overlaps to advance predictive modeling of 
ecohydrologic function. Abstract # EP11D-2087. 

Kourakos, G., Dahlke, H.E., & Harter, T. Effects of agricultural managed aquifer recharge on groundwater 
availability in irrigated basins. Abstract # H32D-04B. 

Maina, F.Z., Siirila-Woodburn, E.R., Newcomer, M.E., Xu, Z., & Steefel, C.I. Watershed dynamics and connectivity 
from headwaters to groundwater. Abstract # H34I-19. 

Maples, S., Foglia, L., Fogg, G.E., & Maxwell, R.M. Exploring the relative importance of hydrofacies configuration 
and hydraulic properties for managed aquifer recharge feasibility in alluvial aquifer systems. Abstract # H32D-
07. 

Markovich, K.H., Arumi, J.L., Dahlke, H.E., Fogg, G.E., & Maxwell, R.M. Revealing hidden flowpaths in a permeable 
alpine catchment using endmember mixing analysis and a hierarchical Bayesian mixing model. Abstract # 
U12B-13. 

Marks, D.G., Havens, S., Skiles, S.M., Dozier, J., Bormann, K.J., Johnson, M., Robertson, M., Hedrick, A.R., Marshall, 
H.-P., & Painter, T.H. High resolution spatial measurement of snow properties in a mountain environment: A 
multi-instrument snow properties assessment experiment. Abstract # C13G-1213. 

Painter, T.H., Bormann, K.J., Carey, E., Dozier, J., Flanner, M., Green, R.O., Qian, Y., & Skiles, S.M. Constraining 
physically-based climate modeling with snow spectroscopic measurements from the Surface Biology and 
Geology concept. Abstract # GC12A-09. 
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Reinecke, R., Foglia, L., Mehl, S., Niemann, C., & Doll, P.M. It's all about scale: Impact of uncertainty in surface 
water elevation and effects of grid size on water table depth in global groundwater modeling. Abstract # 
H11O-1642. 

Ren, J., Hanan, E.J., Hicke, J.A., Tague, C.L., Liu, M., Kolden, C., Abatzoglou, J.T., & Adam, J.C. Topographic controls 
on spatial patterns of hydrologic processes following mountain pine beetle infestation. Abstract # H13G-1809. 

Safeeq, M., Hunsaker, C.T., & Wagenbrenner, J. Hydrogeomorphic controls on sediment characteristics in the 
southern Sierra Nevada. Abstract # H31G-1966. 

Scanlon, B.R., Faunt, C.C., Reedy, R.C., Kocis, T.N., & Dahlke, H.E. Using managed aquifer recharge to cope with 
climate extremes and change in the Western U.S. Abstract # H11T-1729. 

Siirila-Woodburn, E.R., Maina, F.Z., Newcomer, M.E., Xu, Z., & Steefel, C.I. Watershed responses to climate 
extremes: Impacts on groundwater storage and stakeholder water management planning. Abstract # H11T-
1730. 

Sohrabi, M., Safeeq, M., Conklin, M.H., & Kniffin, M. Constraining annual water balance estimates with spatial 
calibration of evapotranspiration. Abstract # H23N-2146. 

Tague, C.L. Animating ‘green stuff’ in hydrologic models: where we are and what is next. Abstract # H21B-04. 
Thaw, M., Visser, A., & Conklin, M.H. Extrapolating catchment scale processes from stable isotopes across a 

mountain range. Abstract # H53H-1686. 
Tolley, D.G., Foglia, L., & Harter, T. Comparison of methods for evaluating prediction uncertainty from a highly 

non-linear integrated groundwater surface-water model. Abstract # H23J-2054. 
Visser, A., Thaw, M., Bibby, R.K., Deinhart, A., Conklin, M.H., & Van der Velde, Y. Hydrochronology and storage 

selection of a headwater catchment and major rivers in the Sierra Nevada, California. Abstract # H13N-1959. 
Wainwright, H.M., Falco, N., Dafflon, B., Ulrich, C., Uhlemann, S., Arora, B., Siirila-Woodburn, E.R., Minsley, B.J., 

Carroll, R.W.H., Williams, K.H., & Hubbard, S. Watershed functioning zonation: Advanced watershed 
characterization across scales. Abstract # H51O-1512. 

Webb, C.H., McClain, J.S., Foglia, L., Fogg, G.E., Gooch, B.T., Holt, C.D., & UC Davis McClain Lab MT Team. 
Conceptual hydrogeologic modeling of the Mount Shasta volcanic aquifer informed by magnetotelluric 
geophysics. Abstract # NS33A-08. 

Yang, K., Musselmann, K.N., Schneider, D., Painter, T.H., Margulis, S.A., Rittger, K., Bair, E.H., & Molotch, N.P. An 
inter-comparison of five snow water equivalent estimation methods in the Sierra Nevada, California. Abstract 
# C13I-1241. 

Zhi, W., Li, L., Kaye, J.P., Dong, W., Brown, W., Steefel, C.I., & Williams, K.H. Understanding contrasting 
concentration-discharge (CQ) behaviors in a seasonally snow-covered watershed. Abstract # EP11C-2077. 

Presentations at other meetings 
Dahlke, H.E., Kocis, T.N., Brown, A.G., Murphy, N.P., Kourakos, G., & Harter, T. (2018). Agricultural groundwater 

banking, Presentation and panel discussion on using flood water for managed aquifer recharge to support 
sustainable water resources (Flood MAR). Presented at 24th Annual Meeting of the California Water and 
Environmental Modeling Forum, Folsom, CA, 4 April 2018. 

Dahlke, H.E., Kourakos, G., & Harter, T. (2018). Evaluating Central Valley agricultural recharge impacts on water 
availability with C2VSIM. Presented at First Annual Western Groundwater Congress, Sacramento, CA, 25 
September 2018. 

Dahlke, H.E., Kourakos, G., & Harter, T. (2018). Increasing groundwater availability and baseflow through Ag-MAR 
in the Central Valley. Presented at UC Water Reimagining California Water: An Exposition of Research and 
Innovation, Sacramento, CA, 25 October 2018. 
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Maina, F.Z., Newcomer, M., Xu, Z., & Siirila-Woodburn, E.R. (2018). A new approach to predicting the effects of 
climate extremes on California’s water supply. Presented at Gordon Research Conferences, Flow and 
Transport in Permeable Media, Newry, ME, 8-13 July 2018. 

Siirila-Woodburn, E.R., Maina, F.Z., Newcomer, M., & Steefel, C.I. (2018). A new approach to predicting the effects 
of climate extremes on California’s water supply. Presented at Computational Methods in Water Resources, 
Saint Malo, France, 5 June 2018. 

Siirila-Woodburn, E.R., Maina, F.Z., Newcomer, M., Xu, Z., & Steefel, C.I. (2018). A new approach to predicting the 
effects of climate extremes on California’s water supply. Presented at UC Water Reimagining California 
Water: An Exposition of Research and Innovation, Sacramento, CA, 24 October 2018. 
 


