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Motive: Estimate Mountain Front Recharge Motive: Estimate Mountain Front Recharge 
is all water that passes from the mountain to the adjacent basinsis all water that passes from the mountain to the adjacent basinsis all water that passes from the mountain to the adjacent basinsis all water that passes from the mountain to the adjacent basins

Wilson, J.L. and H. Guan, MountainWilson, J.L. and H. Guan, Mountain--Block Hydrology and MountainBlock Hydrology and Mountain--Front Recharge, Front Recharge, 
in in Groundwater Recharge in a Desert Environment: The Southwestern United StatesGroundwater Recharge in a Desert Environment: The Southwestern United States, , 
edited by F. M. Phillips, J. Hogan, and B. Scanlon,  American Geophysical Union, edited by F. M. Phillips, J. Hogan, and B. Scanlon,  American Geophysical Union, 
Washington, DC, 2004. Washington, DC, 2004. 



Mean Annual Mean Annual NN

Precipitation Precipitation 
from PRISMfrom PRISM < 5from PRISMfrom PRISM

(inches)(inches)
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< 5

10 - 15
15 - 20

Data source for spatial Data source for spatial 
pattern of precipitation.pattern of precipitation.

There is significantThere is significant §̈¦
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20 - 25There is significant There is significant 
orographic influence, orographic influence, 
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Local Weather Stations Used to Estimate the Local Weather Stations Used to Estimate the 
T l P tt f D il P i it tiT l P tt f D il P i it tiTemporal Pattern of Daily PrecipitationTemporal Pattern of Daily Precipitation

_̂ Jawbone RAWSJawbone RAWS NN
Algorithm used to combine spatial and temporal data :

Pd cell  Pd ref 
Pd ref

Paref

PRISM cell  PRISM ref 
Pd  Daily precip at any location (cell) in the model

Sandberg COOPSandberg COOP

ReferenceReference
LocationsLocationsBackupBackup

stations forstations for

Pd cell  Daily precip at any location (cell) in the model.

!(

!(
!(§̈¦5

Palmdale COOPPalmdale COOP
S P Plt COOPS P Plt COOP

stations for stations for 
missing datamissing data

!(
Acton RAWSActon RAWS

Saugus Pwr Plt COOPSaugus Pwr Plt COOP

_̂
§̈¦210

§̈¦ §̈¦
Tanbark RAWSTanbark RAWS



Daily Time Series Has Important Event, Seasonal, and Daily Time Series Has Important Event, Seasonal, and 
Annual Variation of Precipitation (Input to Model)Annual Variation of Precipitation (Input to Model)

Precipitation at Tanbark Reference Location for San Gabriels
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GeologyGeology
Quartz 

Monzonite

from USGSfrom USGS
Gneiss

Bedrock in the San Gabriel Bedrock in the San Gabriel 
and Tehachapi Mountains isand Tehachapi Mountains is

Marble
Basalt

and Tehachapi Mountains is and Tehachapi Mountains is 
heavily fractured and faulted.heavily fractured and faulted.

Mica Schist

Granitoid

§̈¦5

Conglomerate

Mica Schist

NN
Geology influencesGeology influences

§̈¦15

§̈¦210

Mudstone
(Marine)

Gabbro

Geology influences Geology influences 
evapotranspirationevapotranspiration, , 

runoff, and deep runoff, and deep 
percolation of water into percolation of water into 
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Gabbro

Quartz 
Monzodiorite Gneiss

the bedrockthe bedrock



NN

Over 400 soil types Over 400 soil types 
from USDA Datafrom USDA Data

Soil type influences Soil type influences 
evapotranspirationevapotranspiration, runoff, , runoff, 

and deep percolation ofand deep percolation ofand deep percolation of and deep percolation of 
water into the bedrockwater into the bedrock



Soil DepthSoil Depth NNSoil Depth Soil Depth 
from USDA Datafrom USDA Data

NN

Soil depth influences Soil depth influences 

Legend

evapotranspirationevapotranspiration, runoff, , runoff, 
and deep percolation of and deep percolation of 
water into the bedrockwater into the bedrock

Soil Depth (meters)
Depth

0.1 - 1.0

1.1 - 2.0

2.1 - 3.0

3.1 - 4.0

4.1 - 5.0

5.1 - 6.0

6.1 - 7.0
7.1 - 8.0

8.1 - 9.0

9.1 - 10.0

10.1 - 11.0

11.1 - 12.0

12.1 - 13.0
13.1 - 14.0

14.1 - 15.0

15.1 - 16.0

16.1 - 17.0

17.1 - 18.0

18.1 - 19.0
19.1 - 20.0

Counties

Soils are often less than Soils are often less than 
one meter (~3 ft.) thick;one meter (~3 ft.) thick;

less soilless soil--water storage, less water storage, less 
t i tit i tievapotranspirationevapotranspiration, more , more 

runoff, more deep runoff, more deep 
percolationpercolation



NN

VegetationVegetationgg
Chaparral

Vegetation influences Vegetation influences 
§̈¦5

Conifers
evapotranspirationevapotranspiration, runoff, , runoff, 

and deep percolation of and deep percolation of 
water into the bedrockwater into the bedrock
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Vegetation changes with Vegetation changes with 
elevation, slope, and aspectelevation, slope, and aspect
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Chaparral near Bouquet Reservoir Chaparral near Bouquet Reservoir 
in the San Gabriel Mountainsin the San Gabriel Mountainsin the San Gabriel Mountainsin the San Gabriel Mountains

Thin soilsThin soilsThin soilsThin soils

BedrockBedrock



ModelModelModelModel
AreaArea

Model Domain:Model Domain:
Entire San Gabriel and Entire San Gabriel and 
Majority of TehachapiMajority of Tehachapi

We modeled the We modeled the 

Did not make an aDid not make an a--priori priori 
decision on MFR contributing decision on MFR contributing 
area to adjacent basinsarea to adjacent basins

mountains blocksmountains blocks

and not the valley floor and not the valley floor 
and playas andand playas and

Allows testing and calibration Allows testing and calibration 
of model to larger areaof model to larger area

and playas, and and playas, and 
not the bedrock outcrops not the bedrock outcrops 

in the valleyin the valley



MountainMountain NNMountain Mountain 
FrontFront

(and topography)(and topography)
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Distributed Parameter Watershed Model (DPWM)Distributed Parameter Watershed Model (DPWM)
Schematic of Water Balance Components at the Land SurfaceSchematic of Water Balance Components at the Land Surface

RainRainSnowSnow

PrecipitationPrecipitation

Chaparral vegetation Chaparral vegetation 
on outcrop near Lake on outcrop near Lake 

BouquetBouquet

RunRun offoff

TranspirationTranspiration
EvaporationEvaporation RunRun--onon

& & 
I t flI t flRunRun--offoff

&&
InterflowInterflow

SoilSoil
DrainageDrainage

InterflowInterflow

Precipitation is Precipitation is 
partitioned into soil partitioned into soil 

water storagewater storage

Bedrock Bedrock 
(Fractured and Faulted)(Fractured and Faulted)

water storage, water storage, 
evapotranspirationevapotranspiration, , 

runoff, and deep runoff, and deep 
percolation into the percolation into the 

Deep PercolationDeep Percolation
pp

bedrock.bedrock.



DPWM History of DevelopmentDPWM History of Development
DDistributed istributed PParameter arameter WWatershed atershed MModelodelDDistributed istributed PParameter arameter WWatershed atershed MModelodel

DPWM History of DevelopmentDPWM History of Development
 USGS USGS –– PRMSPRMS
 USGS USGS –– INFIL & BCM INFIL & BCM (Basin Characterization Model)(Basin Characterization Model)

 Sandia National Lab Sandia National Lab –– MASSIFMASSIF
 Yucca MountainYucca Mountain

 Umstot, Hendrickx, WilsonUmstot, Hendrickx, Wilson–– DPWMDPWM
W t i ht h i b f th N d St tW t i ht h i b f th N d St t Water rights hearings before the Nevada State Water rights hearings before the Nevada State 
EngineerEngineer

 Salt Basin (NM/TX) on behalf of the NM State Salt Basin (NM/TX) on behalf of the NM State 
EngineerEngineer

 Antelope Valley, CAAntelope Valley, CA



Portion of DPWM Model Grid Portion of DPWM Model Grid 
260 grid cells shown, each 270m on a side 260 grid cells shown, each 270m on a side (about length of 3 football fields) (about length of 3 football fields) g ,g , ( g )( g )

Selected model
grid cells

Selected model
grid cellsgrid cells grid cells 

San Gabriel MountainsSan Gabriel Mountains
(57,000 grid cells)(57,000 grid cells)



Model Grid (3D view)Model Grid (3D view)
RunoffRunoff
flow directionflow direction

Surface topographySurface topography

A i di id lA i di id lAn individualAn individual
model grid cellmodel grid cell

Accounts for the variable topographic elevation, slope and aspectAccounts for the variable topographic elevation, slope and aspect



Schematic of Water Balance Components and Schematic of Water Balance Components and 
Computational Nodes Present in a Single Model CellComputational Nodes Present in a Single Model Cell

SublimationSublimation

RainRain
SnowpackSnowpack SnowSnow

L 1L 1
TranspirationTranspiration

EvaporationEvaporation RunRun--onon
RunRun--offoff Snow meltSnow melt

SnowpackSnowpack

Node 1Node 1

Node 3Node 3

Layer 1Layer 1

Layer 2Layer 2

Evaporation depthEvaporation depth

DrainageDrainage DrainageDrainage
RootRoot
depthdepth

Node 1Node 1 Node 2Node 2

Node 4Node 4
Layer 3Layer 3 DrainageDrainage

SoilSoil
depthdepth

Node 4Node 4

BedrockBedrockBedrockBedrock

Deep PercolationDeep Percolation
(Net Infiltration)(Net Infiltration)

Node 1Node 1 = fraction exposed and wetted (f= fraction exposed and wetted (fewew))
Node 2Node 2 = fraction covered by vegetation= fraction covered by vegetation

canopy (fcanopy (fcc))



Runoff & Deep Percolation Are Episodic Runoff & Deep Percolation Are Episodic 
h d il i lh d il i lat the daily time scaleat the daily time scale

Example: Daily Water Balance at One Model Cell for February 2005Example: Daily Water Balance at One Model Cell for February 2005

Dail Water Balance at Cell 249603 for February 2005
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DPWM Provides a LongDPWM Provides a Long--term Water Balance term Water Balance gg
Over an Entire Mountain BlockOver an Entire Mountain Block

 In:  In:  
 PrecipitationPrecipitationPrecipitationPrecipitation

 Out: Out: 
 Evapotranspiration +Evapotranspiration + Evapotranspiration + Evapotranspiration + 
Mountain Front RechargeMountain Front Recharge
RunoffRunoff to the surface watershedto the surface watershedRunoff Runoff –– to the surface watershedto the surface watershed
Deep percolation Deep percolation –– to the groundwater catchmentto the groundwater catchment

The DPWM allows one to relate mountain front recharge The DPWM allows one to relate mountain front recharge 
to precipitation in mountainous areas to precipitation in mountainous areas 
The DPWM allows one to relate mountain front recharge The DPWM allows one to relate mountain front recharge 
to precipitation in mountainous areas to precipitation in mountainous areas 



Model Sensitivity AnalysisModel Sensitivity Analysisy yy y
 To determine the mostTo determine the most--important parametersimportant parameters

 Perform new computer runs varyingPerform new computer runs varying Perform new computer runs varying Perform new computer runs varying 
one parameter at a timeone parameter at a time

 Examine model output Examine model output 
(e.g., soil water storage, evapotranspiration, runoff, etc)(e.g., soil water storage, evapotranspiration, runoff, etc)(e.g., soil water storage, evapotranspiration, runoff, etc)(e.g., soil water storage, evapotranspiration, runoff, etc)

 Initially used only downloaded dataInitially used only downloaded data

 T h i t t b t it i ll kT h i t t b t it i ll k Topography very important but it is well knownTopography very important but it is well known

 Most importantMost important andand uncertain?uncertain? Most important Most important andand uncertain?uncertain?
 Soil thickness, texture, vegetation rooting depthSoil thickness, texture, vegetation rooting depth

 These are soilThese are soil--water storage parameterswater storage parameters

 Soil and bedrock hydraulic conductivitySoil and bedrock hydraulic conductivity Soil and bedrock hydraulic conductivity Soil and bedrock hydraulic conductivity 
 These are water transmission parameters These are water transmission parameters 



Model CalibrationModel Calibration

 Calibration focused on important and uncertain Calibration focused on important and uncertain 
parametersparametersparameters …parameters …
 SoilSoil--water storage parameters   water storage parameters   
 Soil and bedrock hydraulic conductivitiesSoil and bedrock hydraulic conductivities

 Used two kinds of additional dataUsed two kinds of additional data
 Remote sensing information Remote sensing information (landsat imagery)(landsat imagery)

on soilon soil--water storagewater storage
 To estimate net effect of soilTo estimate net effect of soil--water storage capacity parameterswater storage capacity parameters
 Led by Jan HendrickxLed by Jan Hendrickx Led by Jan HendrickxLed by Jan Hendrickx

 Monthly streamflow (USGS gage data) Monthly streamflow (USGS gage data) 
 To estimate hydraulic conductivitiesTo estimate hydraulic conductivities



LandsatLandsat Image 30 August 2006Image 30 August 2006LandsatLandsat Image 30 August 2006Image 30 August 2006
Natural Colors: Bands 1, 2, 3Natural Colors: Bands 1, 2, 3 False Colors: Bands 4, 3, 2False Colors: Bands 4, 3, 2



Model Soil Water Storage Best Calibrated Model Soil Water Storage Best Calibrated 

Mean Error Between METRIC and DPWM Soil Root Zone Saturations

with Remote Sensing Datawith Remote Sensing Data
Individual days in water years 2002 2005 2007

0.1

0.15
San Gabriel Mountains

Individual days in water years 2002, 2005, 2007 
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Using remote sensed (Landsat) data on selected daysUsing remote sensed (Landsat) data on selected daysUsing remote sensed (Landsat) data on selected daysUsing remote sensed (Landsat) data on selected days

Model Parameter

Using remote sensed (Landsat) data on selected days Using remote sensed (Landsat) data on selected days 
(when image available) to estimate the maximum root(when image available) to estimate the maximum root--
zone water storage capacity for each cellzone water storage capacity for each cell

Using remote sensed (Landsat) data on selected days Using remote sensed (Landsat) data on selected days 
(when image available) to estimate the maximum root(when image available) to estimate the maximum root--
zone water storage capacity for each cellzone water storage capacity for each cell



Model Calibrated to Monthly Stream FlowModel Calibrated to Monthly Stream Flowyy
Example: 3 yrs of monthly flow on Big Rock CreekExample: 3 yrs of monthly flow on Big Rock Creek

Big Rock Creek 300 ft upstream from confluence with Pallett Creek

Nominal Model Run;Nominal Model Run;

Big Rock Creek 300 ft upstream from confluence with Pallett Creek
Monthly Total Discharge
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Stream Flow Gauges Used for CalibrationStream Flow Gauges Used for Calibrationg fg f

NN



NN

StreamStream--Flow Flow 
Gauges UsedGauges UsedGauges Used Gauges Used 
for Testingfor Testing



Total Deep Percolation Simulated by DPWM Total Deep Percolation Simulated by DPWM 
varies from year to yearvaries from year to yearvaries from year to yearvaries from year to year

in the San Gabriels and Tehachapisin the San Gabriels and Tehachapis

Annual Net Infiltration Simulated by DPWM
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Nominal Model RunNominal Model Run

Annual Deep Percolation (AF) Across Both Mountain Ranges 
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Nominal Model RunNominal Model Run
Lowest

Deep Deep 
PercolationPercolation

NN

Percolation Percolation 
to Mountain to Mountain 

l kl k
Legend
Mean Annual Net Infiltration (mm/yr)

BlocksBlocks
Varies Varies 

( y )
< 1 mm/yr

1 - 5 mm/yr

5 - 10 mm/yr

10 - 50 mm/yr

50 - 100 mm/yr

100 - 500 mm/yr

500 - 1000 mm/yr

SpatiallySpatially §̈¦5

Highest

§̈¦

3030--year year 
annual average annual average 

(mm)(mm)

3030--year year 
annual average annual average 

(mm)(mm)

§̈¦215
§¦210

§̈¦



Simulated Water Balances Simulated Water Balances 
for the San for the San GabrielsGabriels

ThThThThAnnual Mountain Front Recharge for San Gabriel Mountains (AF)Annual Mountain Front Recharge for San Gabriel Mountains (AF)
aa bb cc dd ee

MaximumMaximum
Water Water 

Three Three 
simulationssimulations

Three Three 
simulationssimulations

PrecipitationPrecipitation Evapotransp.Evapotransp. RunoffRunoff Deep Deep Mountain Front Mountain Front StorageStorage
PercolationPercolation RechargeRecharge CapacityCapacity

Estimate:Estimate: =a=a--ee = c+d  = c+d  
~Nominal~Nominal 1,868,0001,868,000 1,015,2001,015,200 544,900544,900 307,900307,900 852,800852,800 200 mm200 mm

Mean Error Between METRIC and DPWM Soil Root Zone Saturations

~High~High 1,868,0001,868,000 893,800893,800 610,200610,200 364,000364,000 974,200974,200 100 mm100 mm
80% Range80% Range

~Low~Low 1,868,0001,868,000 1,287,8001,287,800 394,500394,500 185,700185,700 580,200580,200 600 mm600 mm

Nominal = based on model best fit to remote sensingNominal = based on model best fit to remote sensing

-0.05

0

0.05

0.1

0.15

0 200 400 600 800 1000 1200

ea
n 

E
rr

or
 (O

bs
- S

im
)

Nominal = based on model best fit to remote sensing Nominal = based on model best fit to remote sensing 
data that assesses soil water storage capacitydata that assesses soil water storage capacity

80% Range = probability that actual value lies 80% Range = probability that actual value lies 
between the given low and high estimatesbetween the given low and high estimates
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Mountain Groundwater Evaluated Mountain Groundwater Evaluated 
i fi f it l (2D) d lit l (2D) d lusing four crossusing four cross--secitonal (2D) modelssecitonal (2D) models
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Groundwater Flow Splits at the GW DivideGroundwater Flow Splits at the GW Divide
contributing to different basins contributing to different basins 

Mountain CrossMountain Cross--Sectional Groundwater ModelSectional Groundwater Model
M t i W t T blM t i W t T bl

Antelope ValleyAntelope ValleyLa La CresentaCresenta

SouthSouth NorthNorth

Mountain Water TableMountain Water Table
Ground SurfaceGround Surface

CrossCross--Section CSection C Groundwater DivideGroundwater Divide

Groundwater Divide Does Not Lie Under Surface Water DivideGroundwater Divide Does Not Lie Under Surface Water Divide


