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Applying MODFLOW'’s Farm
Process to California’s
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Focus on ground-water availability and
changes in storage

Acknowledge DWR:.Share some common data
and model comparison
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Objectives:

TEXTURE MODELING: Develop a better
understanding of the internal architecture of
the freshwater bearing deposits of the Central
Valley.

FARM PROCESS: Develop an approach for
systematically estimating water budget
components for the ground water flow system
In areas dominated by irrigated agriculture.

GROUND-WATER MODEL: Develop a model
of the Central Valley ground-water flow system
capable of being accurate at scales relevant to
water management decisions.



oy

System

,,\gn“-i- o ' o - > J
AN gy ‘ b SRR - 550 NN R L
A _ &Ry _ b

A b

» i
{ b i S MR ¥
. 4 v f " » » .
3 ok g G
(10 - . -, - r 1 &
S % e % .
AT Ter RN -~
O e » o {' \ g
A . . R "}
- \ ’
1 .§ W .
N WL e
. Slerra Nevada

Coast Ranges = = River

“EE Freshwater .

L slough o 2 yirechargE /| =

! Potentiometric surface in Water Water
= \ A deep aquifersystem table movement
I ' - / 1 - Shallow
- —| aquifer.

2l s

| I

Old saline water

Conceptualization:

Approx. 20,000 mi?
(50,000 km?)
sediment filled
structural trough

Average thickness
of sediments =
2,400 feet (732 m)

Generally
surrounded by
relatively
Impermeable rock
(except Delta)



System Conceptualization:
DEVELOPMENT AND IRRIGATED AGRICUTURE

Major effects on volume and distribution of
ground-water recharge and discharge

Sierra Nevada

PRE-DEVELOPMENT S River | Vi |
Recharge and discharge SH S P Lo s )
approx. 2 million acre-ft/yr LS, vicmeur urtsce -y
DEVELOPM EN_I_ \ = | d.eep aqu{er system table movement

Began in about 1850 ——
Most hydrologic data after =~ eme:
major hydrologic changes = S
POST-DEVELOPMENT | ——
Engineered system — Old saline water
Canal network

Diversions e /sbdw —
Reservoirs XY, i e
control inflows L il i
Discharge increased to \ -

12 million acre-ft/yr
Recharge increased to | _
11 million acre-ft/yr o




Farm Process:

Systematic approach for estimating water-
budget components (fully coupled)

Based on:
the consumptive use of water by plants
available surface-water deliveries

. SIMULATING IRRIGATED AGRICUL TURE WITH MODFLOW ﬁUSGS
M IS n O m e r By Schmid, Wolfgang, Hanson, R.T, Maddock Ill, TM, and Lea/(e SA

USGS Techniques and Method's 6-A17
Landscape
Process? o

The Farm Process:

FULLY COUPLED LAND US;_C—SLZEEACE—__
WATER FLOW—GROUND-WATER FLOW




FARM MASS BALANCE:
Farm Inflow — Farm Outflows

= Change in Farm Water Storage
Qp + st + ng _ Qet T Q
=dS;,,,/dt =0 (in



FARM PROCESS COMPONENTS

Climate Surface Water
Precipitation 'II':_r ;irs)gir?at’i%nn Deliveries Network

FARM-WATER

BUDGET

Crop-Soil Zone(upper part of
uppermost activeLayer)

/N

Ground-water Ground-water
Pumpage Evaporation

Groundwater Model




Precipitation, Inflows, and Climate
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] Yuba River
[] Cottonwood Creek
__| Other Sacramento Valley streams

B Kings River [B] Merced River
[ Tuolumne River [I] Kern River
I Stanislaus River  ["] Other San Joaquin Valley streams




Precipitation,

Vary Spatially
Vary Temporally
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EXPLANATION

Average annual inflow,
in thousands of acre-feet per year

Less than 100
100.1 to 500

500.1 to 1,000
1,000.1 to 2,000

2,000.1 to 3,000

. 3,000.1 to 4,000

4,000.1 to 5,000

. Greater than 5,000

- Selected streams
and rivers

Davi%J Precipitation station

and identifier

AVERAGE PRECIPITATION, IN INCHES

Inflows, Precipitation,
and ET
Vary Spatially
Vary Temporally
Annually
Seasonally
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EXPLANATION
Manthly average precipitation (1961 to 2003) at—
—{3— Red Bluff

——  Davis
—O—  Bakersfield

DEC



Stream
Network

Inflows (43)

Source:

DWR — 40 sites (many
USGS measurements)

USGS - 3 sites
Diversions (66) —
Deliveries

Source: DWR
64 to farm process

2 diverted outside of
model

Explanation
Inflows
Diversions

Simulated streams

-

Deliveries/diversions
(first 6 “virtual farms)



EXPLANATION
Land use—2000
Land use type—
Water
Urban
Native vegetation
Orchard, groves and vineya
Pasture/Hay (none shown)
Row crops (none shown)
Small grains (none shown)
Idle/fallow
Truck, nursery and berry crc
10 Citrus and subtropical
11 Field crops
12 Vineyards
13 Pasture
14 Grain and hay
15 Feed lots and diaries (none
16 Deciduous fruits and nuts
17 Rice
18 Cotton
19 Developed (none shown)
20 Cropland and pasture (nont
21 Cropland (none shown)
22 Irrigated row and field crop

Virtual farms &

Landuse
21 virtual farms

5 landuse maps for
1961-2003 period

22 landuse .

categories

Including
Urban

Native
Crops

L L) e

WOoo sl Ohin B kg —

121°

'_,_l_ Water-balance area boundaries
See table 1

Active model grid boundary—
See figure 1

Percentage of total area by land-use type



Landuse and Crops

Landuse category = virtual crop

Virtual crop coefficients
attributed to virtual crops

Area-weighted averages of
crop coefficients
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Water-balance area boundaries—

See table 1

Active model grid boundary—
See hgure 1




EXPLANATION

Active model grid cell

Model overview

Uniform one sq. mile cells
1961 — 2003
(monthly stress periods)
Packages\Processes

= Farm (water budget)

- Stream flow routing (SFR)

- Wells (MNW) (municipal/
farm)

- Subsidence (SUB)
- Flow barriers (HFB)

Sensitivity Analysis and
Calibration with Parameter
Estimation (UCODE)

# Model general head boundary cell
& Model bedrock cell

# Model San Joaquin Formation

# Model Corcoran Clay

@ Model Corcoran Clay over
San Joaquin Formation

Major horizontal flow
barrier

\ Active model grid boundary

12'1.\ California Department of Water Resource:
{  water balance areas and identifier. See
table A1 for names

A’ .
Geologic section aloong model row 355
A/ (See figure AB)

Francisco'
Central =
Valley -':

/m-r',ﬁ". Ocean

0 100 Miles
| | |

| | |

0 50 100 Kilometers

Shaded relief derived from U.S. Geological Survey
Matinnal Elavatinn Natacat 26 Alhare Eriial Aroa Conie Protactinn



Discretization

10 layers
Thinner near surface

Generally equal thickness in
multiples of 50 ft increments

50

100

150

Upper Corcoran Clay
Lower Corcoran Clay
200

250

300

350

400

Total Thickness Outside
Corcoran: 1800 ft (550 m)

Dummy layers outside
Corcoran Clay

ALTITUDE, IN METERS

1000

NAVD 88 |-

-500

-1000

-1500

-2000

—2500

EXPLANATION
Active model grid cell
@ Model general head boundary cell
& Model bedrock cell
& Model San Joaquin Formation
s Model Corcoran Clay

& Model Corcoran Clay over
San Joaquin Formation

Major horizontal flow
barrier
\ Active model grid boundary

California Department of Water Resources
water balance areas and identifier. See

12

Cross section along row 355

Layer 1
Layer2

Land surface

Layer 3

Corcoran Clay Layer7

b

Layer 8

Layer 10

Not in model

| | I I | | I

0 20,000 40,000 60,000 80,000

DISTANCE ALONG SECTION, IN METERS



~160K log images

8497 logs in
dagtabase

e

TEXTURE MODEL
(INTERNAL
ARCHITECTURE)

Hydraulic
Properties

Groundwater Model




Well database:

Properties within
stratigraphy based on
textural analysis

Digitized DWR well logs
8497 logs digitized
2598 In Stanislaus county
(Burow and others work)
5899 in rest of model area

EMicrusuft Access - [Well_Main_tbl]

== Fle Edit View Insert Format  Records  Tools  Window
- GV &G L5 &l
Tahoma - |9 - B I O

Tiff_Filename I 123456, tif
DWR Log. .. 1 789057

Number
IDl4NDlSW33

State Well
MNumber
;I Comments

Type Of well |Irrigati0n

Top of 1st

Perf, e
ELog? ¥
Texture Information
DT;ppth BDD;S:E [ Qualifier | [Modifier1 | |Mndiﬁer2 [Texture gﬁzll?f;er
| D.D| | 15.5| |Cemented -| |Gra\relly -| | .l |Sand .| |Dark v|
15,5 20.0| | |gandy | |Cayey -] |HardPan -] Dark |
P [ zon] [ 250 [Herd = ofstye =] | [ B o
| 250 [ 290 |Britte | |Gravely - =] |Rock = -|
[ 230l [ 32q -] -] -] [sandstore -|
: Shale T e ]
32.0| 33,0  |Fine | El Bl |5 |
(RGBT e Fl | ] =] |Sitstone | [
Top Soil
Wiood -
Primary record number:
Record: I<|<|| 1 D|PI|HE|0F1 |
Form YWigw
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Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)
50 foot depth

Intervals
1 mile spatial grid
Coarse near river
channels

Finer in low energy
environments
(Corcoran Clay)

Explanation
— WModel Boundary

— Sireams

Logs



Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)

50 foot depth
Intervals
1 mile spatial grid | exianation
Coarse near river | — ... "
channels i
Finer in low energy
environments —p
(Corcoran Clay) o

—Jo
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Data Analysis
and Post
Processing

Three-dimensional
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Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)

50 foot depth
Intervals

1 mile spatial grid
Coarse near river

Explanation

Central Valley boundary

Streams

channels i
Finer in low energy
environments —p
(Corcoran Clay) o
—Jo

B o100




Data Analysis
and Post
Processing

Three-dimensional
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50 foot depth
Intervals
1 mile spatial grid | exianation
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Data Analysis
and Post
Processing
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Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)

- 50 foot depth
Intervals

- 1 mile spatial grid
- Coarse near river

Explanation

Central Valley boundary

Streams

channels i
~ Finer in low energy -
environments —p
(Corcoran Clay) o
—Jo

B o100




Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)

- 50 foot depth
Intervals

- 1 mile spatial grid
- Coarse near river

Explanation

Central Valley boundary

Streams

channels i
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Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)

- 50 foot depth
Intervals

- 1 mile spatial grid
- Coarse near river

Explanation

Central Valley boundary

Streams

channels i
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Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)

- 50 foot depth
Intervals

- 1 mile spatial grid
- Coarse near river

Explanation

Central Valley boundary

Streams

channels i
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environments —p
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Data Analysis
and Post
Processing

Three-dimensional
kriging (ISATIS)
- 50 foot depth
Intervals
- 1 mile spatial grid
- Coarse near river
channels

- Finer in low energy
environments
(Corcoran Clay)

Explanation

Central Valley boundary

Streams
Percent Coarse

oo
B 1020
B 20-30
B 30-40
P a050
50-60
B0-70
70-80
I s0-%0 Layer 10

B <0100




Texture based approach

for hydraulic properties:
Hydraulic conductivity K

is a function of = =
Stratigraphy -
Texture — o
Coarse vs. fine-grained
Stratigraphy N
3D geologic model
Texture

Percent coarse each layer
Hydraulic conductivity
Power mean
Horizontal — arithmetic mean

Vertical — approx. geometric mea - Approximate extent
- . of Tulare Lake bed
Subsidence (% fine) ot

(Cell 355)

e3

Line of cross section__|
shown on figur



Parameters

EXPLANATION
Active model grid cell
Model general head boundary cell

65 total
Hydraulic Properties (17)
K coarse | & J
K fine _ ) e

8 horizontal multipliers
3 vertical multipliers
4 storage

Stream Conductances (9)

Farm Process (39)
10 Irrigation efficiencies
4 Crop coefficients
4 Root depths and capillary
fringe
21 Runoff percents
(precipitation and |rr|gat|on)




Observations
23,493 total estimated

Water levels and water level
change

206 wells — 19,931 obs.
Streamflow

40 segments — 782 obs.
Subsidence

24 locations — 2,780 obs.

Other comparisons
Power records (pumpage)
103 stream-flow gages
66 diversion sites

14,000,000

EXPLANATION
Location of stream segments used
for model calibration

canN [l Into surface
water system

LOSS Into ground-
water system

—— Central Valley model boundary

“g Water balance areas

@ Location of wells used for model
calibration

@® Location of subsidence measurements
used for model calibration

® Diversion location

@ Inflow location

Agricultural Pumpage

12,000,000 4Rt ¢
g 10,000,000 l A
5 "W‘
8
8,000,000
o
[-%
£ 6,000,000
3
o

4,000,000

2,000,000

0 T T T T T T T T 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

N oy




Precipitation Evapotranspiration Hy d ro I O g I C
(12.4) (12.6)
L cm.gj;f B d g
Eentralwalley' u et S
Surface Brocesses) Precipitation Evapotranspiration
1 (15) (1.7) Surface Water (15.8) (25.4)
Gain (0.3)
Central Valley [sw out]
Aq u ifer Surface Water - Surface Water
.‘_
L‘[:’; 52]5] Gentnal’\ﬁa”ey' Deliveries (10.2)
Pre-development Surface Rrocesses :
*
FTTTTTTT D (2.1)
, \ ] |
: Ground Water | |
| Pumpage : Ground-water Recharge from I Surface Water
| (9.4) | Irrigation and Precipitation : System
| | (7.2) |
| | |
I I |
: Agricultural i B Surface Water
| (8.7) : Gain from
@ d-wat
| Central Valley System (1:8)
|
| -
: Municipal Aq u lfer Surface Water
(0.7) ’ Loss from
: Ground-water
\ System (2.6)

Change in Storage
(including Subsidence)

1961-2003 (14)

<l» —ndicates loss of storage in aquifer system



Farm Process
(Landscape) ~
Budget A

“Farm” inflows
Precipitation E— S e

1 V-ep-out [} V-tgw-out
Surface-water — MO Meii
deliveries

Pumping
“Farm” outflows

Deep percolation

Transpiration
from irrigation

41%

V-srd-in - [ V-tgw-in

[
1 V-nrd-in [ V-egw-in
[
1 V-rd-in

10 = wells —

srd
51— nrd ]
‘ egw o
rd
0 T L T ’_l

. = . .
MHILEL

FLOW RANGE, IN MILLIONS OF ACRE-FEET PER YEAR
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s:c;a&ei;yWater Budget

Landscape water budget

Sources of water Departures of water

Typical Year 1975

14527147

MILLIONS OF ACRE-FEET
MILLIONS OF ACRE-FEET

Dry Year

10,121,007
B,

MILLICHS OF ACRE-FEET
MILLIOKS OF ACRE-FEET

Wet Year

MILLIONS OF ACRE-FEET
MILLIOKNS OF ACRE-FEET

EXPLANATION
[ Precipitation B Ground water Il Evapotranspiration [ Runoff
I sSurface Water pumpage [ Deep Percolation
deliveries I Evapotranspiration

from ground water



Example of FMP and
Response of Climate

Changes built into CVHM
Drought '76-"77, ‘88-"92

Wet Period ‘83, '99

Irrigation Demand and Surface-Water & Ground-Water Supply

25,000,000

proportions of surface water and
ground water used for irrigation

20,000,000

r
15,000,000 W—r
10,000,000

vary from year to year in
esponse to climate

m

1

I

|

— )

»
e ——
e —

Esimated Water-Usage in m®/d

5,000,000 -

1975

M

F

i m—

1980

1985

years

1990

1995

2000

= Total Farm
Delivery
Requirement

Non-Routed

Deliveries

— Semi-Routed
Deliveries

—— Ground-W ater
Pumpage




Example of FMP Seasonal Changes
Drought '77
High pumping all growing season
Typically
Early in growing season dominantly surface water deliveries

Later in growing season, surface-water shortfall made up by ground-

water pumpage
I i

IN MILLIONS OF ACRE-FEET PER YEAR

1981
WATER YEAR

EXPLANATION

——— Total farm delivery requirements Non-routed surface-water deliveries
Routed surface-water deliveries - Ground-water pumpage



Example of FMP
Change of Dominant
Water Source

Non-routed Water
Transfers start in late 60s

Irrigation Demand and Surface-Water & Ground-Water Supply

25,000,000
= Total Farm
° Delivery
«E 20,000,000 1 . Requirement
c
£ Non-Routed
= .
S 15,000,000 - Deliveries
=
2 _
£ 10,000,000 - Semi-Routed
5 Deliveries
(O]
g |
£ (HIninl {al I il (] 1 |
@ 5,000,000 LJ‘J & —— Ground-W ater
Pumpage
e AR
0 m U H /J ‘\q:" t\d U M I \d I : \/ I J | I
1965 1970 1975 1980 1985 1990 1995 2000

years




Changes in Landscape Budget through time

Land-use time interval from Chapter C

1960s pumping >
surface-water
deliveries

Majority of delivery
system in place by mid-
1970s

Surface-water
deliveries > pumpage
since then except
during droughts

Decreased TFDR
-increased efficiency
-crop changes

-conversion of farm-
land to urban (about
the same water use,
but simulated
differently)

MILLIONS OF ACRE-FEET

25

10

Figure & Figure 10 Figure 11 Figure 12 Figure 13
461368 AeE-3TE 4T8-3193 03— 4/00-0.03
T T T T
"Mormal’ "Variable" "Variabla'
ta to Dry Wet Dry Wet to
Dry Wet Dry

WALA

Representative water year

I
N\ A A T )
192

|

Typical

/|

ALA

Dry Wet
| |

1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1086 1988 1990 1902 1994 19956 1998 2000 2002

- Groundwater pumping

Surface water deliveries

WATER YEAR
EXPLANATION

Delivery requiremeant

Farm net recharge



Simulated Pumpage:

Since about 1970, ° =
general trend in
decrease in total
amount of ground-
water pumped

Throughout time
period, general
Increase in
proportion of ground-
water pumped used
for municipal uses

PUMPAGE, IN MILLIONS OF ACREFEET
=

1962 1954 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002
WATER YEAR

EXPLAMATION
— Simulated pumpage
Municipal
Agricultural



Ground-Water Budget

Ultimate goal to see how
landuse affects ground-
water system

Significant stream-flow
infiltration north and
around delta

Significant pumpage and
change in storage to the
south

Subsidence
predominantly in the
south (magnitude of
pumping much higher)




Change in Groundwater
Availability through time

Typical Year - 1975
T T T EXPLANATION

A
mm Net Pumpage
= l W GW Recharge from FMP
I l mm Met Stream Leakage
1 Met Elastic and Inelastic Storage

- e | Met Specific Yield and
Compressibility of Water

- -
- - . .

OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP
Dry Year- 1990

=__—----
-2
b I

OCT NOV DEC JAN FEE MAR APR MAY JUN JUL AUG SEP

Wet Year - 1998 (Note scale change)
20

MET MONTHLY CHANGE IN GROUND WATER, IN MILLIONS OF ACRE-FEET PERYEAR
(=]

3 l

L e e —

OCT NOV DEC JAN FEE MAR APR MAY JUN JUL AUG SEP
MONTH



MET AMNUAL CHANGE IN GROUND-WATER, IN MILLIONS OF ACRE-FEET PER YEAR

a0

20

Change in Groundwater
Availability through time

Availability of water supplias

|- Period of growth of water supplies :-|- Period of abundance - Z‘iﬁgﬁ: » = Period of reduced supplies — =
T T T T T T T 1 T T T T T T T 1 T T T T T T 1 T T T T
"Normal' "'.l'ariable ‘J‘arlable"
Dry Dry

Representative watar year T;rplc:al Ll e
[
P Y I S Yy
1962 1964 1966 19658 1970 19?2 19?4 19?6 19?8 19&0 1992 1984 19856 1988 1990 1992 1994 19946 1993 2000 2002
WATER YEAR
EXPLAMATION

mm Met Pumpage
mmm Met Farm Recharge
Mt Stream Leakage

Met Elastic and Inelastic Storage

Met Spedific Yield and
Compressibility of Water



Change Iin Storage through time
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Summary/Conclusions

Coupled farm-process and ground-water model is being
used to estimate un-metered historical pumpage and to
simulate the delivery of surface water

Surface-water deliveries supply most of the
consumption in the initial part of the growing season,
whereas increased ground-water pumpage augments
these supplies later in the season

Proportions of surface water and ground water used for
iIrrigation vary from year to year in response to climate
and landuse changes

Numerical model is a useful tool for assessing ground-
water availability and sustainable management of both
ground water and surface water
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