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Mountain headwaters are vulnerable to change
§ Mountains support half of the world’s 

population

§ One third of Earth’s land surface is 
seasonally covered with snow

§ Snowmelt strongly influences soil 
water availability during the summer

§ IPCC predicts an increase in global 
temperature of 4°C by 2100

§ Translates to reduced snow and 
icepack, earlier snowmelt and peak 
flows, longer growing seasons, and 
increasing frequency and severity of 
extreme events, such as droughtThese impacts are predicted to be most 

prominent in mountain regions

Carpe Diem West
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“We have to proactively plan for a 
drought. We cannot keep lurching 
from crisis to crisis. We have to 
better manage our groundwater to 
prevent avoidable emergencies like 
this.”
-- Jonathan Nelson, Community 
Water Center

July 20, 2011

August 19, 2014
Justin Sullivan, Getty Images

Lake Oroville, CA

§ Parts of the Sierras saw a 70% decrease in precipitation from 
2011 to 2012

§ Sierras supply 60% of water used by CA agricultural and 
commercial industries, and residents

§ By summer 2014, 60% of CA was experiencing “exceptional 
drought” conditions 2



Providence Creek watershed
Critical Zone = region between the 

bedrock and canopy

Heavily 
instrumented alpine 
research catchment 
with continuous data 
collection pre-, 
present-, and post-
drought

Reliable observations are 
challenging, limited by uncertainties, 

and difficult to scale.

3.3 km2

3.3 km
2
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Even though it was the worst drought in history, the 
trees didn’t die!

Bales et al. (2018) Rempe and Dietrich (2018)
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Precipitation 
decreased

ET maintained

Tree roots extend past soil to 
access deeper water sources 



Evapotranspiration is hard
P301 Flux Tower, SSCZO Goulden et al. (2012)

Field estimates are sourced 
from point observations at 

eddy covariance flux towers
Remote sensing approximations 

aren’t much better
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ΔS = P – Q – ET
ΔS = change in storage

P = precipitation
Q = runoff

ET = evapotranspiration

§ Even though sustained decreased P 
directly decreases Q, the role of ET and 
S is difficult to constrain, especially in 
highly heterogeneous mountain regions

§ Nonlinear feedbacks between 
components make it difficult to isolate 
mechanisms under changing climate 
regimes

§ Integrated models will help to bridge 
these gaps

ΔS

P

Q
ET

Integrated hydrologic models may help bridge scale 
and knowledge gaps between observations and theory
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Is groundwater the missing link in 
understanding plant water use?

What is the effect of lateral groundwater flow on 
plant water use through drought?

Can we use integrated physically-based models 
to accurately represent mountain hydrology?

I will use an integrated hydrology model of P300 to 
study plant water use during the drought, addressing 
three main research questions:
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ParFlow-CLM provides an opportunity to assess the 
effects of lateral groundwater flow on plant water 
stress with change at Providence Creek
§ Physically-based integrated 

hydrologic model

§ Groundwater utilizes 3D 
Richards equation

§ Fully coupled to Common Land 
Model (CLM) to simulate land-
energy balance and snow 
dynamics

§ Parallel open source code 
provides efficiency for large-
scale complex problems and 
collaborative improvements
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Physically-based models have a combination of data 
needs and challenges

Subsurface characterizationAtmospheric forcing

Tahoe Daily Tribune National Park Service
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Making accurate meteorology is especially challenging 
in the mountains

§ Climate variables often do not 
behave uniformly

§ Low-resolution climate 
products often usurp mountain 
systems all together

§ Low frequency observations of 
precipitation in P300 were used 
to bias correct NLDAS-II, a low 
spatial resolution but high 
frequency reconstruction of 
meteorology

§ NLDAS-II is a validated 32 km2 climate data product which utilizes four observationally informed LSMs to create 
real-time and retrospective land surface states over the CONUS

U
pper M

ET Station
Low

er M
ET Station
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Site characterization is developed from complex 
datasets and implemented onto a computational grid

Digital Elevation Model

11



Site characterization is developed from complex 
datasets and implemented onto a computational grid

Digital Elevation Model

NLCD Land Cover
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Site characterization is developed from complex 
datasets and implemented onto a computational grid

Digital Elevation Model

NLCD Land Cover

SSURGO Soil
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Site characterization is developed from complex 
datasets and implemented onto a computational grid

Digital Elevation Model

NLCD Land Cover

SSURGO Soil

USGS Geology
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Site characterization is developed from complex 
datasets and implemented onto a computational grid
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Capturing the drought: P300 experienced 62% ↓ in 
precipitation

10°C 11°C 

Pre-drought Drought
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Can we use integrated physically-based models 
to accurately represent mountain hydrology?
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Despite a significant decrease in precipitation, ET is 
maintained
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Total ET exceeds total precipitation suggesting 
vegetation is sustained by plant-accessible GW 
storage
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Total ET exceeds total precipitation suggesting 
vegetation is sustained by plant-accessible GW 
storage

2011 2014

Modeled P300 = 677 mm ∔ Modeled P300 = 431 mm ∔
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Total ET exceeds total precipitation suggesting 
vegetation is sustained by plant-accessible GW 
storage

2011 2014

Modeled P300 = 677 mm ∔ Modeled P300 = 431 mm ∔

P301 Tower = 642 mm * P301 Tower = 463 mm *
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Total ET exceeds total precipitation suggesting 
vegetation is sustained by plant-accessible GW 
storage

2011 2014

MODIS estimate = 777 mm ∩ MODIS estimate = 617 mm ∩

* Calculated from P301 Latent Heat flux       ∔ PF-CLM Base Case ∩ Bales et al. 2018

Modeled P300 = 677 mm ∔ Modeled P300 = 431 mm ∔

P301 Tower = 642 mm * P301 Tower = 463 mm *
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Total ET exceeds total precipitation suggesting 
vegetation is sustained by plant-accessible GW 
storage

15

Bales et al. (2018)



Is groundwater the missing link in 
understanding plant water use?
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Evapotranspiration partitioning 
is sensitive to groundwater 
depth

§ Evapotranspiration is the largest terrestrial flux in 
the water budget

§ ET is difficult to estimate in the field 

§ Integrated models help us bracket the magnitude 
of this flux

§ ET components are not water limited in the 
shallow subsurface due to lateral groundwater 
flow

§ Evaporation cuts off in the shallow subsurface 
before transpiration

Maxwell and Condon (2016) 17



Shallow 
groundwater 
maintains ET, T and 
E fluxes through the 
drought
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Evapotranspiration components can be explored 
spatially
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Evapotranspiration components can be explored 
spatially

P300 ET decreased by 26.5%
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Evapotranspiration components can be explored 
spatially

P300 E decreased by 1.1%
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Evapotranspiration components can be explored 
spatially

P300 T decreased by 20.9%
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Evapotranspiration components can be explored 
spatially

P300 T/ET increased from an 
annual average of 59.0% during 
the pre-drought period to 63.5% 

annual average during the 
drought period. 
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Evapotranspiration components can be explored 
spatially

§ P decreased by 68.8%

§ Q decreased by 71.5%

§ ET decreased by 26.5%

§ ΔS decreased by 470%

§ The fraction of transpiration 
increased from 59.0% to 63.5%
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Evapotranspiration components can be explored 
spatially

This suggests plant 
accessible 

groundwater storage 
sustains ET at 

Providence Creek

§ P decreased by 68.8%

§ Q decreased by 71.5%

§ ET decreased by 26.5%

§ ΔS decreased by 470%

§ The fraction of transpiration 
increased from 59.0% to 63.5%
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Heterogeneity is reality

Rocky outcrops

Meadows

Variable soil



Homogeneous
Geology

Double
Permeability

Quadruple
Permeability

Subsurface sensitivity study to address uncertainty

Soil Geology Soil Geology Soil Geology
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Despite model inputs, 
behavior is consistent 
across all sensitivity runs

§ Transpiration: Plant water stress is most 
pronounced in the ridges

§ Bare ground evaporation: During the drought 
period, water-limited regions (ridges) decrease 
while not water-limited regions (convergence 
zones) increase 26



2011 ET = 677 mm

2011 ET = 595 mm

2011 ET = 554 mm

2014 ET = 347 mm

2014 ET = 395 mm

2014 ET = 431 mm

Compared to the Base Case, 
Homogeneous Geology Case ET 
component estimates vary for sub-
watersheds (P301, P303, P304) but are 
the same for P300. This result suggests 
that at the P300 scale, capturing 
heterogeneity is less important for ET. 

↓ 27.5%

↓ 21.6%

↓ 25.1%

Despite model inputs, 
behavior is consistent 
across all sensitivity runs

Just a note…
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What is the effect of lateral groundwater flow on 
plant water use through drought?
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ParFlow flexibility allows us to imitate traditional land 
surface models

Traditional LSM
Integrated, 

Physically-based Model
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Numerical experiments to assess the effects of 
incorporating lateral groundwater flow in hydrology 
models

Free-draining Case Base Case
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ET is no longer preserved by lateral flow 
but is controlled by soil and geology
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Free-draining case overestimates the amount of ET 
occurring in the drought period and underestimates 

the fraction of ET that is transpiring

ET is no longer preserved by lateral flow 
but is controlled by soil and geology



Incorporating lateral flow shows us why GW maintains 
transpiration through drought 

59.0% 

63.5%
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Can we use integrated physically-based models 
to accurately represent mountain hydrology?

1. Yes, integrated models accurately represent catchment 
behavior during drought

2. Integrated models can help bracket evapotranspiration 
(ET) estimates 

Conclusions
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Is groundwater the missing link in 
understanding plant water use?

1. In my model simulations, groundwater storage is 
sustaining ET through drought

2. ET partitioning relationships with water table depth 
(WTD) should be used as tools to identify areas of 
plant water stress

Conclusions
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What is the effect of lateral groundwater flow on 
plant water use through drought?

1. Incorporating lateral groundwater flow more 
accurately represents catchment behavior and 
response to drought

2. Lateral groundwater flow is the mechanism explaining 
how groundwater maintains transpiration through 
drought

Conclusions
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Takeaways

Integrated models accurately represent catchment 
behavior and help to bracket ET estimates

This suggests, lateral groundwater flow is the mechanism 
explaining how groundwater maintains transpiration 
through drought

In my model simulations, groundwater storage is 
sustaining ET through drought
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Future work

Particle tracking to identify plant water source and 
pathways

Decrease lateral and vertical grid resolution  

Further develop weathered bedrock (regolith) 
heterogeneity

Develop a more robust and site-unique meteorology

Incorporate dynamic vegetation 

36



Acknowledgements

Lawrence Livermore National Lab

Department of Energy

Southern Sierra Critical Zone Observatory

Maxwell Research Group

37



Thank you!
Questions?

Providence Creek watershed 
from the Upper MET station
Photo: SSCZO



Extra Slides



Stream behavior timing and baseflow magnitude is 
well-represented, despite precipitation bias
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P301 Gauge Hydrograph

20102009

ParFlow underestimates 2009 flow volume by 17% and NLDAS-II 
underestimates precipitation volume at the lower MET station (near P301 gauge) 

by 25%

Observations
Modeled



Water Balance for P300, P301, P303, P304, and Domain



Evapotranspiration components can be explored 
spatially

P300 ET decreased by 26.5% 
from an annual average of 615 

mm during the pre-drought period 
to 452 mm annual average during 

the drought period 



Evapotranspiration components can be explored 
spatially

P300 E decreased by 1.1% 
from an annual average of 

94 mm during the pre-
drought period to 93 mm 

annual average during the 
drought period 



Evapotranspiration components can be explored 
spatially

P300 T decreased by 20.9% 
from an annual average of 363 

mm during the pre-drought 
period to 287 mm annual 

average during the drought 
period 



Evapotranspiration components can be explored 
spatially

P300 T/ET increased from an 
annual average of 59.0% during 
the pre-drought period to 63.5% 

annual average during the drought 
period. 



Despite large localized reductions in ridges, overall 
water table depth (WTD) response to drought 
conditions is negligible

The average WTD at P300 increased 3.2% 
during the drought period



Water table 
depth (WTD) at 
P300 is sensitive 
to effective 
subsurface 
permeability but 
lateral 
groundwater 
flow maintains 
stream network 
through drought



Average WTD at P300 increased 1.6% 
during the drought period

Average WTD at P300 increased 11.9% 
during the drought period

Average WTD at P300 increased 15.2% 
during the drought period

Water table 
depth (WTD) at 
P300 is sensitive 
to effective 
subsurface 
permeability but 
lateral 
groundwater 
flow maintains 
stream network 
through drought



WTD depends on subsurface characterization
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Free-draining case overestimates the amount of ET 
occurring in the drought period and underestimates 
the fraction of ET that is transpiring
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