
Appendix A.  Climate Data.
The climate data for the NCDC cooperative observers and NDAWN have days of missing data. Some sites have 
considerable missing data including consecutive months of missing data.To create complete daily datasets for this 
study, the missing daily data for climate station was infilled with days from nearby stations. Tables A-1 through 
A-12  list the primary station in the first row and the stations that were used to infill missing data in the subsequent 
rows. The program used to infill the data, if it does not find data for the primary station for that day, moves down 
through the listed stations until it finds data for that day.

Figures  A-2, A-4, A-6, A-8, A-10, A-12, A-14, A-16, A-18, A-20, A-22, and A-24 provide a graphical display of the 
infill process. If a bar occurs for mx tmp, mn tmp, or precip in the top half of the graph (positive y-axis), then no 
data was found for that day. A bar in the  lower half of the graph (negative y-axis) indicates that an alternate station 
in the table was used to infill the data for precip, mn tmp, and/or mx tmp. As an example, if the bar is plotted on the 
precip line, then the precipitation is infilled with a value from the second table. If the bar is half the bar length up, 
then it is from the third station in the list. Each station, as one moves down the table, plots a half bar up. Therefore, 
the amount the bar is shifted upward on the plot shows the source of the infilled data.

The other figures show annual water precipitation (October  to September) and potential evapotranspiration (PET) 
estimated from minimum and maximum temperature using the Penman-Monteith method (Allen and others, 1998).
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Figure A-1.  Location of NOAA Cooperative observer sites presented in figures A-1 to A-25. North Dakota and South 
Dakota counties are shown.
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Table A-1.  List of NOAA Cooperative  observer stations used to create Aberdeen, SD climate dataset.

Station Start of Record End of Record

ABERDEEN.NCD 01/01/1932 12/31/2009

COLUMB8N.NCD 09/01/1949 12/31/2009

LEOLA.NCD 01/01/1948 06/30/2007

BRITTON.NCD 01/01/1913 12/31/2009

BRITT9NW.NCD 04/01/2002 12/31/2009

Fullertn1894.daily2 01/02/1894 12/31/2005
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Figure A-2.  Plot showing days with missing data at Aberdeen and stations used to fill in missing days.
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Figure A-3.  Water year annual and winter a) precipitation and b) PET for Aberdeen, SD (dataset 01).
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Table A-2.  List of NOAA Cooperative  observer stations used to create Britton, SD climate dataset.

Station Start of Record End of Record

BRITT9NW.NCD 04/01/2002 12/31/2009

BRITTON.NCD 01/01/1913 12/31/2009

COLUMB8N.NCD 09/01/1949 12/31/2009

Oakes1929.daily2 01/02/1929 12/31/2005

VERONA.NCD 08/01/1948 12/31/2009

FULLERTN.NCD 07/01/1948 12/31/2009

ELLENDA.NCD 07/01/1948 12/31/2009
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Figure A-4.  Plot showing days with missing data at Britton and stations used to fill in missing days.
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Figure A-5.  Water year annual and winter a) precipitation and b) PET for Britton and Britton 9NW, SD (dataset 05).
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Table A-3.  List of NOAA Cooperative  observer stations used to create Columbia 8N, SD climate dataset.

Station Start of Record End of Record

COLUMB8N.NCD 09/01/1949 12/31/2009

ABERDEEN.NCD 01/01/1932 12/31/2009

LEOLA.NCD 01/01/1948 06/30/2007

Oakes1929.daily2 01/02/1929 12/31/2005
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Figure A-6.  Plot showing days with missing data at Columbia 8N and stations used to fill in missing days.
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Figure A-7.  Water year annual and winter a) precipitation and b) PET for Columbia 8N, SD.
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Table A-4.  List of NOAA Cooperative  observer stations used to create Edgeley, ND climate dataset.

Station Start of Record End of Record

EDGELEY.NCD 05/01/1901 12/31/2009

FULLERTN.NCD 07/01/1948 12/31/2009

Fullertn1894.daily2 01/02/1894 12/31/2005

LISBON.NCD 01/01/1932 08/31/2009

Lisbon1903.daily2 01/02/1903 12/31/2005

VERONA.NCD 08/01/1948 12/31/2009

LAMOURE.NCD 07/01/1948 12/31/2009

MCLEOD.NCD 07/01/1948 12/31/2009

LITCHVIL.NCD 05/01/1951 12/31/2009

Mcleod1912.daily2 01/02/1912 12/31/2005

OAKES.NCD 09/01/1922 12/31/2009

Oakes1929.daily2 01/02/1929 12/31/2005

VALLEYCT.NCD 07/01/1948 12/31/2009

Vallcity1893.daily2 01/02/1893 12/31/2005

-6

-4

-2

0

2

4

6

1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005

max temp

min temp

precip

1

Year

mx tmp

mx tmp

mn tmp

mn tmp

precip

snow

evap

evap

snow

precip

Figure A-8.  Plot showing days with missing data at Edgeley, ND and stations used to fill in missing days.
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Figure A-9.  Water year annual and winter a) precipitation and b) PET for Edgeley, ND.
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Table A-5.  List of NOAA Cooperative  observer stations used to create Ellendale, ND climate dataset.

Station Start of Record End of Record

ELLENDA.NCD 07/01/1948 12/31/2009

ELMRIVER.NCD 10/01/1999 12/31/2009

COLUMB8N.NCD 09/01/1949 12/31/2009

FORBES.NCD 05/01/1951 12/31/2009

LEOLA.NCD 01/01/1948 06/30/2007

Fullertn1894.daily2 01/02/1894 12/31/2005

EDGELEY.NCD 05/01/1901 12/31/2009
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Figure A-10.  Plot showing days with missing data at Ellendale, ND and stations used to fill in missing days.
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Figure A-11.  Water year annual and winter a) precipitation and b) PET for Ellendale, ND.
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Table A-6.  List of NOAA Cooperative  observer stations used to create Forman, ND climate dataset.

Station Start of Record End of Record

Forman1893.daily2 01/02/1893 12/31/2005

FORMAN.NCD 07/01/1948 12/31/2009

BRITT9NW.NCD 04/01/2002 12/31/2009

VERONA.NCD 08/01/1948 12/31/2009

BRITTON.NCD 01/01/1913 12/31/2009

Oakes1929.daily2 01/02/1929 12/31/2005

Lisbon1903.daily2 01/02/1903 12/31/2005

Mcleod1912.daily2 01/02/1912 12/31/2005

COLUMB8N.NCD 09/01/1949 12/31/2009
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Figure A-12.  Plot showing days with missing data at Forman, ND and stations used to fill in missing days.
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Figure A-13.  Water year annual and winter a) precipitation and b) PET for Forman, ND.
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Table A-7.  List of NOAA Cooperative  observer stations used to create Fullerton, ND climate dataset.

Station Start of Record End of Record

FULLERTN.NCD 07/01/1948 12/31/2009

ELLENDA.NCD 07/01/1948 12/31/2009

Oakes1929.daily2 01/02/1929 12/31/2005

VERONA.NCD 08/01/1948 12/31/2009

BRITT9NW.NCD 04/01/2002 12/31/2009

BRITTON.NCD 01/01/1913 12/31/2009

COLUMB8N.NCD 09/01/1949 12/31/2009

EDGELEY.NCD 05/01/1901 12/31/2009
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Figure A-14.  Plot showing days with missing data at Fullerton, ND and stations used to fill in missing days.
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Figure A-15.  Water year annual and winter a) precipitation and b) PET for Fullerton, ND.
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Table A-8.  List of NOAA Cooperative  observer stations used to create Leola, SD climate dataset.

Station Start of Record End of Record

LEOLA.NCD 01/01/1948 06/30/2007

COLUMB8N.NCD 09/01/1949 12/31/2009

ABERDEEN.NCD 01/01/1932 12/31/2009

Oakes1929.daily2 01/02/1929 12/31/2005
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Figure A-16.  Plot showing days with missing data at Leola, SD and stations used to fill in missing days.

172 Analysis and Simulation of the Oakes Aquifer



a)

-6

0

6

12

18

24

30

36

42

0

40
1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005

Leola
precipitation

Annual
Annual 5yr
Oct-Apr
winter 5yr

miss Annual
miss winter

y = -34.185 + 0.027507x   R= 0.13891 

y = 16.861 - 0.0051342x   R= 0.048434 

Pr
ec

ip
ita

tio
n 

in
 in

ch
es

D
ays m

issing data

Year

b)

-7

0

7

14

21

28

35

42

49

0

40
1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005

Leola
PET: Penman-Monteith(t)

Annual
Annual 5yr
May-Sep
summer 5yr

miss Annual
miss summer

y = 141.98 - 0.052082x   R= 0.42023 

y = 113.78 - 0.043266x   R= 0.44323 

PE
T 

in
 in

ch
es

D
ays m

issing data

Year

Figure A-17.  Water year annual and winter a) precipitation and b) PET for Leola, SD.
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Table A-9.  List of NOAA Cooperative  observer stations used to create Lisbon, ND climate dataset.

Station Start of Record End of Record

Lisbon1903.daily2 01/02/1903 12/31/2005

LISBON.NCD 01/01/1932 08/31/2009

VERONA.NCD 08/01/1948 12/31/2009

Forman1893.daily2 01/02/1893 12/31/2005

FORMAN.NCD 07/01/1948 12/31/2009

BRITT9NW.NCD 04/01/2002 12/31/2009

BRITTON.NCD 01/01/1913 12/31/2009

Oakes1929.daily2 01/02/1929 12/31/2005

Mcleod1912.daily2 01/02/1912 12/31/2005

MCLEOD.NCD 07/01/1948 12/31/2009
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Figure A-18.  Plot showing days with missing data at Lisbon, ND and stations used to fill in missing days.
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Figure A-19.  Water year annual and winter a) precipitation and b) PET for Lisbon, ND.
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Table A-10.  List of NOAA Cooperative  observer stations used to create McLeod 3E, ND climate dataset.

Station Start of Record End of Record

Mcleod1912.daily2 01/02/1912 12/31/2005

MCLEOD.NCD 07/01/1948 12/31/2009

Lisbon1903.daily2 01/02/1903 12/31/2005

LISBON.NCD 01/01/1932 08/31/2009

Forman1893.daily2 01/02/1893 12/31/2005

FORMAN.NCD 07/01/1948 12/31/2009

Hankinsn19291993.daily2 01/02/1929 12/31/1993

LIDGERWD.NCD 01/01/1979 12/31/2009

CHAFFEE.NCD 12/01/1962 12/31/2009

VICTOR.NCD 01/01/1932 12/31/2009
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Figure A-20.  Plot showing days with missing data at McLeod 3E, ND and stations used to fill in missing days.
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Figure A-21.  Water year annual and winter a) precipitation and b) PET for McLeod 3E, ND.
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Table A-11.  List of NOAA Cooperative  observer stations used to create Oakes, ND climate dataset 03.

Station Start of Record End of Record

Oakes1929.daily2 01/02/1929 12/31/2005

OAKES.NCD 09/01/1922 12/31/2009

FULLERTN.NCD 07/01/1948 12/31/2009

COLUMB8N.NCD 09/01/1949 12/31/2009

VERONA.NCD 08/01/1948 12/31/2009

BRITTON.NCD 01/01/1913 12/31/2009

ELLENDA.NCD 07/01/1948 12/31/2009

EDGELEY.NCD 05/01/1901 12/31/2009
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Figure A-22.  Plot showing days with missing data at Oakes, ND and stations used to fill in missing days.
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Figure A-23.  Water year annual and winter a) precipitation and b) PET for Oakes, ND.
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Table A-12.  List of NOAA Cooperative  observer stations used to create Oakes, ND climate dataset 04. This adds the 

Oakes NDAWN data to dataset 03.

Station Start of Record End of Record

oakes.csv 04/24/1990 01/02/2010

Oakes1929.daily2 01/02/1929 12/31/2005

OAKES.NCD 09/01/1922 12/31/2009

BRITT9NW.NCD 04/01/2002 12/31/2009

COLUMB8N.NCD 09/01/1949 12/31/2009

VERONA.NCD 08/01/1948 12/31/2009

BRITTON.NCD 01/01/1913 12/31/2009

ELLENDA.NCD 07/01/1948 12/31/2009

EDGELEY.NCD 05/01/1901 12/31/2009
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Figure A-24.  Plot showing days with missing data at Oakes, ND and stations used to fill in missing days in NDAWN site 

near Oakes, ND.
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Figure A-25.  Water year annual and winter a) precipitation and b) PET for NDAWN site near Oakes, ND.
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Appendix B.  Water Level Hydrographs.
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Figure B-1.  Location of observation wells shown in figures B-2 to B-14.
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Figure B-2.  Hydrograph of observation wells 129-058-06AAA2 and 129-058-06AAA3.
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Figure B-3.  Hydrograph of observation wells 129-058-07CCC and 129-059-13AAA2.
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Figure B-4.  Hydrograph of observation well 129-058-30CCC.
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Figure B-5.  Hydrograph of observation well 129-059-01DDD1.
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Figure B-6.  Hydrograph of observation wells 129-050-06CCC1, 129-058-06CCC2, and 129-059-01DDD2.
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Figure B-7.  Hydrograph of observation wells 129-059-10AAA2, 10AAA3, and 10AAA4.
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Figure B-8.  Hydrograph of observation well 130-058-17BBB1
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Figure B-9.  Hydrograph of observation wells 130-059-04DDD2 and 04DDD3.
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Figure B-10.  Hydrograph of observation wells 130-059-11DDD and 13BBB1.

1295

1300

1305

1310

1315

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

13005915AAA2  
13005915AAA3  
13005915AAA4  

W
at

er
 le

ve
l e

le
va

tio
n 

(f
ee

t, 
M

S
L)

Year

Figure B-11.  Hydrograph of observation wells 130-059-15AAA2, 15AAA3, and 15AAA4.
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Figure B-12.  Hydrograph of observation wells 130-059-16CCC1 and 16CCC2.

1295

1300

1305

1310

1315

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

13005923CCC2  
13005923CCC3  
13005923CCC4  

W
at

er
 le

ve
l e

le
va

tio
n 

(f
ee

t, 
M

S
L)

Year

Figure B-13.  Hydrograph of observation wells 130-059-23CCC2, 23CCC3, and 23CCC4.
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Figure B-13.  Hydrograph of observation well 130-059-24DDD2.
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Figure B-14.  Hydrograph of observation wells 130-059-34BBB2 and 34BBB3.
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Figure B-15.  Hydrograph of observation wells 131-059-33DDA and 34BCC2.
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Appendix C.  LANDSAT Images of Oakes Aquifer.
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Figure C-1. LANDSAT image for May 19, 1985 bands 4,3,2.
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Figure C-2. LANDSAT image for July 22, 1985 bands 4,3,2.
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Figure C-3. NDSWC color infrared photography for August 10, 1988.
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Figure C-4. LANDSAT image for August 5, 1990 bands 7,5,3.
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Figure C-5. LANDSAT image for August 10, 1992 bands 7,5,3.
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Figure C-6. LANDSAT image for May 01, 1996 bands 7,5,3.
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Figure C-7. LANDSAT image for April 29, 2001 bands 7,5,3.
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Figure C-8. LANDSAT image for June 18, 2005 bands 7,5,3.
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Figure C-9. LANDSAT image for June 8, 2007 bands 7,5,3.
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Figure C-10. LANDSAT image for April 22, 2010 bands 7,5,3.
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Figure C-11. LANDSAT image for June 16, 2010 bands 7,5,3.
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Figure C-12. LANDSAT image for July 18, 2010 bands 7,5,3.
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Appendix D.  Model Calibration: Observed vs. Simulated Water Levels.
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Figure D-1.  Location of sites in figures D-2 to D-14 where comparison is shown between transient calibration water 
levels, run F23,  to observed water levels at the observation wells.
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Figure D-2.  Comparison of transient calibration water levels, run F23, to observed at observation well 129-058-30CCC.
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Figure D-3.  Comparison of transient calibration water levels, run F23, to observed at observation well  
129-059-01DDD1.
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Figure D-4.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
129-058-006CCC1 and 06CCC2 and 129-059-01DDD2.
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Figure D-5.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
129-059-10AAA2, 10AAA3, and 10AAA4.
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Figure D-6.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
129-058-06AAA2 and 06AAA3.
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Figure D-7.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
130-059-34BBB2 and 130-059-34BBB3.
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Figure D-8.  Comparison of transient calibration water levels, run F23, to observed at observation well 
130-059-24DDD2.
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Figure D-9.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
130-059-23CCC2, 23CCC3 and 23CCC4.
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Figure D-10.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
130-059-16CCC1 and 16CCC2.
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Figure D-11.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
130-059-11DDD and 13BBB1.
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Figure D-12.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
130-059-15AAA2, 15AAA3 and 15AAA4.
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Figure D-13.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
130-059-04DDD2 and 04DDD3.
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Figure D-14.  Comparison of transient calibration water levels, run F23, to observed at observation wells 
131-059-33DAA and  34BCC2.
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Appendix E.  VB2000 Estimates of Recharge, PETgw, and Irrigation.

Table E-1. Summary of climate, groundwater ET, recharge, and irrigation water for Britton climate dataset 
britton_hecla_01c2a.

Britton October - MayOctober - MayOctober - May Water Year (Annual)Water Year (Annual)Water Year (Annual)

Minimum Maximum Mean Minimum Maximum Mean

Precipitation

PET

AET

ETgw

Recharge

Irrigation

2.46 23.32 10.34 11.63 39.76 22.25

7.38 14.15 10.62 27.91 38.11 32.53

1.92 3.51 2.75 10.42 20.58 16.27

-0.58 11.97 4.40 6.33 26.81 16.26

0.24 15.69 4.11 0.55 18.45 5.97

2.88 18.16 8.01

Table E-2. Summary of climate, groundwater ET, recharge, and irrigation water for Forman climate dataset 
forman01_hecla_01c2a.

Forman October - MayOctober - MayOctober - May Water Year (Annual)Water Year (Annual)Water Year (Annual)

Minimum Maximum Mean Minimum Maximum Mean

Precipitation

PET

AET

ETgw

Recharge

Irrigation

2.85 17.33 17.33 8.94 39.99 20.60

7.77 14.94 10.39 27.37 39.11 32.01

1.85 3.47 2.62 8.50 19.85 15.63

0.65 11.84 4.16 5.69 29.32 16.39

0.40 12.19 3.20 0.52 17.09 4.98

3.08 19.53 8.19

Table E-3. Summary of climate, groundwater ET, recharge, and irrigation water for Fullerton climate dataset 
fuller01_hecla_01c2a.

Fullerton October - MayOctober - MayOctober - May Water Year (Annual)Water Year (Annual)Water Year (Annual)

Minimum Maximum Mean Minimum Maximum Mean

Precipitation

PET

AET

ETgw

Recharge

Irrigation

4.39 18.99 10.72 11.42 35.41 21.61

7.38 14.39 10.64 27.37 41.14 32.71

1.64 3.31 2.65 10.29 19.33 15.62

-0.31 11.30 4.2 6.33 29.66 17.11

0.13 14.12 4.27 0.58 15.57 6.02

2.66 17.27 8.66
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Table E-4. Summary of climate, groundwater ET, recharge, and irrigation water for Lisbon climate dataset 
lisbon01_hecla_01c2a.

Lisbon October - MayOctober - MayOctober - May Water Year (Annual)Water Year (Annual)Water Year (Annual)

Minimum Maximum Mean Minimum Maximum Mean

Precipitation

PET

AET

ETgw

Recharge

Irrigation

3.32 15.00 9.00 10.28 32.83 20.19

7.39 13.80 10.64 27.94 39.30 32.95

1.91 3.34 2.62 9.59 19.86 15.75

0.28 9.81 4.50 8.61 29.73 17.22

0.20 10.64 2.87 0.55 12.57 4.46

3.50 17.40 8.72

Table E-4. Summary of climate, groundwater ET, recharge, and irrigation water for Oakes climate dataset 
Oakes01_hecla_01c2a.

Oakes October - MayOctober - MayOctober - May Water Year (Annual)Water Year (Annual)Water Year (Annual)

Minimum Maximum Mean Minimum Maximum Mean

Precipitation

PET

AET

ETgw

Recharge

Irrigation

2.65 18.78 10.06 9.22 35.26 20.94

7.38 14.89 10.45 27.37 43.02 32.13

1.81 3.81 2.61 9.47 19.21 15.28

-0.31 12.53 4.28 6.33 31.79 16.86

0.29 14.12 3.89 0.50 15.80 5.67

2.66 20.89 8.55
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Britton climate dataset
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Figure E-1. Annual water year and winter precipitation (inches) 1905 through 2004 from VB2000 dataset 
britton_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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britton_hecla_01c2a_pet Wed, Dec 1, 2010 6:09:26 PMFigure E-2. Annual water year and winter PET (inches) 1905 through 2004 from VB2000 dataset britton_hecla_01c2a. 
The solid and dashed lines show the five year moving average respectively.
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britton_hecla_01c2a_aet Wed, Dec 1, 2010 6:09:26 PMFigure E-3. Annual water year and winter actual evapotranspiration (AET) (inches) 1905 through 2004 from VB2000 
dataset britton_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-4. Annual water year and winter ET from groundwater (inches) 1905 through 2004 from VB2000 dataset 
britton_hecla_01c2a. This is PET - precipitation + recharge.  The solid and dashed lines show the five year moving 
average respectively.
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Figure E-5. Annual water year and winter recharge (inches) 1905 through 2004 from VB2000 dataset 
britton_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-6. Annual irrigation (inches) 1905 through 2004 from VB2000 dataset britton_hecla_01c2a. The solid line 
shows the five year moving average.
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Forman climate dataset
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Figure E-7. Annual water year and winter precipitation (inches) 1905 through 2004 from VB2000 dataset 
forman01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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forman01_hecla_01c2a_pet Wed, Dec 1, 2010 6:13:37 PMFigure E-8. Annual water year and winter PET (inches) 1905 through 2004 from VB2000 dataset 
forman01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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dataset forman01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-10. Annual water year and winter ET from groundwater (inches) 1905 through 2004 from VB2000 dataset 
forman01_hecla_01c2a. This is PET - precipitation + recharge. The solid and dashed lines show the five year moving 
average respectively.
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Figure E-11. Annual water year and winter recharge (inches) 1905 through 2004 from VB2000 dataset 
forman01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-12. Annual irrigation (inches) 1905 through 2004 from VB2000 dataset forman01_hecla_01c2a. The solid line 
shows the five year moving average.
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Fullerton climate dataset
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Figure E-13. Annual water year and winter precipitation (inches) 1905 through 2004 from VB2000 dataset 
fuller01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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fuller01_hecla_01c2a_pet Wed, Dec 1, 2010 6:06:22 PMFigure E-14. Annual water year and winter PET (inches) 1905 through 2004 from VB2000 dataset fuller01_hecla_01c2a. 
The solid and dashed lines show the five year moving average respectively.
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dataset fuller01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-16. Annual water year and winter ET from groundwater (inches) 1905 through 2004 from VB2000 dataset 
fuller01_hecla_01c2a. This is PET - precipitation + recharge. The solid and dashed lines show the five year moving 
average respectively.
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fuller01_hecla_01c2a_recharge Wed, Dec 1, 2010 6:06:22 PMFigure E-17. Annual water year and winter recharge (inches) 1905 through 2004 from VB2000 dataset 
fuller01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-18. Annual irrigation (inches) 1905 through 2004 from VB2000 dataset fuller01_hecla_01c2a. The solid line 
shows the five year moving average.
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Lisbon climate dataset
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Figure E-19. Annual water year and winter precipitation (inches) 1905 through 2004 from VB2000 dataset 
lisbon01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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lisbon01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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lisbon01_hecla_01c2a_aet Wed, Dec 1, 2010 6:16:54 PMFigure E-21. Annual water year and winter actual evapotranspiration (AET) (inches) 1905 through 2004 from VB2000 
dataset lisbon01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-22. Annual water year and winter ET from groundwater (inches) 1905 through 2004 from VB2000 dataset 
lisbon01_hecla_01c2a. This is PET - precipitation + recharge. The solid and dashed lines show the five year moving 
average respectively.
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Figure E-23. Annual water year and winter recharge (inches) 1905 through 2004 from VB2000 dataset 
lisbon01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-25. Annual irrigation (inches) 1905 through 2004 from VB2000 dataset lisbon01_hecla_01c2a. The solid line 
shows the five year moving average.
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Figure E-25. Annual water year and winter precipitation (inches) 1905 through 2004 from VB2000 dataset 
oakes01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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oakes01_hecla_01c2a_pet Wed, Dec 1, 2010 2:54:18 PMFigure E-26. Annual water year and winter PET (inches) 1905 through 2004 from VB2000 dataset 
oakes01_hecla_01c2a. The solid and dashed lines show the five year moving average respectively.
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Figure E-28. Annual water year and winter ET from groundwater (inches) 1905 through 2004 from VB2000 dataset 
oakes01_hecla_01c2a. This is PET - precipitation + recharge. The solid and dashed lines show the five year moving 
average respectively.
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Figure E-30. Annual irrigation (inches) 1905 through 2004 from VB2000 dataset oakes01_hecla_01c2a. The solid line 
shows the five year moving average.
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Appendix F.  Simulation Results for Permitted and Permitted + Pending Irrigation 
Using Oakes, Britton, Forman, Fullerton, and Lisbon Climate Datasets.
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Figure F-1.  Areas of evapotranspiration and water level contours for May 31, 1940. White is no ET. Red is maximum 
ET. Run F30, no drains, no irrigation.
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Figure F-2.  Water level contours for May 31, 1940. Run F30, no drains, no irrigation.
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Figure F-3.  Areas of evapotranspiration and water level contours for August 31, 1940. White is no ET. Red is maximum 
ET. Run F30, no drains, no irrigation.
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Figure F-4.  Water level contours for August 31, 1940. Run F30, no drains, no irrigation.
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Figure F-5.  Areas of evapotranspiration and water level contours for May 31, 1978. White is no ET. Red is maximum 
ET. Run F30, no drains, no irrigation.
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Figure F-6.  Water level contours for May 31, 1978. Run F30, no drains, no irrigation.

NDSWC

An Assessment of Groundwater Availability 231



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

Legend
Oakes Test Area

F30 Aug 1978 head contours

F30 Aug 1978 ET contours

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

Figure F-7.  Areas of evapotranspiration and water level contours for August 31, 1978. White is no ET. Red is maximum 
ET. Run F30, no drains, no irrigation.
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Figure F-8.  Water level contours for August 31, 1978. Run F30, no drains, no irrigation.
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Figure F-9.  Areas of evapotranspiration and water level contours for August 31, 1988. White is no ET. Red is maximum 
ET. Run F30, no drains, no irrigation.
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Figure F-10.  Water level contours for August 31, 1988. Run F30, no drains, no irrigation.
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Figure F-11.  Areas of evapotranspiration and water level contours for May 31, 1989. White is no ET. Red is maximum 
ET. Run F30, no drains, no irrigation.
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Figure F-12.  Water level contours for May 31, 1989. Run F30, no drains, no irrigation.
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Figure F-13.  Areas of evapotranspiration and water level contours for May 31, 2000. White is no ET. Red is maximum 
ET. Run F30, no drains, no irrigation.
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Figure F-14.  Water level contours for May 31, 2000. Run F30, no drains, no irrigation.
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Figure F-15.  Areas of evapotranspiration and water level contours for August 31, 2000. White is no ET. Red is 
maximum ET. Run F30, no drains, no irrigation.
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Figure F-16.  Water level contours for August 31, 2000. Run F30, no drains, no irrigation.
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RUN F32, DRAINS, PERMITTED IRRIGATION
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Figure F-17.  Areas of evapotranspiration and water level contours for May 31, 1940. White is no ET. Red is maximum 
ET. Run F32, drains, permitted irrigation.
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Figure F-18.  Water level contours for May 31, 1940. Run F32, drains, permitted irrigation.
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Figure F-19.  Areas of evapotranspiration and water level contours for August 31, 1940. White is no ET. Red is 
maximum ET. Run F32, drains, permitted irrigation.
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Figure F-20.  Water level contours for August 31, 1940. Run F32, drains, permitted irrigation.
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Figure F-21.  Areas of evapotranspiration and water level contours for May 31, 1978. White is no ET. Red is maximum 
ET. Run F32, drains, permitted irrigation.
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Figure F-22.  Water level contours for May 31, 1978. Run F32, drains, permitted irrigation.
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Figure F-23.  Areas of evapotranspiration and water level contours for August 31, 1978. White is no ET. Red is 
maximum ET. Run F32, drains, permitted irrigation.
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Figure F-24.  Water level contours for August 31, 1978. Run F32, drains, permitted irrigation.
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Figure F-25.  Areas of evapotranspiration and water level contours for August 31, 1988. White is no ET. Red is 
maximum ET. Run F32, drains, permitted irrigation.

250 Analysis and Simulation of the Oakes Aquifer



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

Legend
F32
Irrigation wells

Oakes Test Area

F32 Aug 1988 head contours

F32 Aug 1988 head image

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

Figure F-26.  Water level contours for August 31, 1988. Run F32, drains, permitted irrigation.
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Figure F-27.  Areas of evapotranspiration and water level contours for May 31, 1989. White is no ET. Red is maximum 
ET. Run F32, drains, permitted irrigation.
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Figure F-28.  Water level contours for May 31, 1989. Run F32, drains, permitted irrigation.
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Figure F-29.  Areas of evapotranspiration and water level contours for May 31, 2000. White is no ET. Red is maximum 
ET. Run F32, drains, permitted irrigation.
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Figure F-30.  Water level contours for May 31, 2000. Run F32, drains, permitted irrigation.
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Figure F-31.  Areas of evapotranspiration and water level contours for August 31, 2000. White is no ET. Red is 
maximum ET. Run F32, drains, permitted irrigation.
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Figure F-32.  Water level contours for August 31, 2000. Run F32, drains, permitted irrigation.
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RUN F38b, DRAINS, PERMITTED+PENDING IRRIGATION
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Figure F-33.  Areas of evapotranspiration and water level contours for May 31, 1940. White is no ET. Red is maximum 
ET. Run F38b, drains, permitted + pending irrigation.
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Figure F-34.  Water level contours for May 31, 1940. Run F38b, drains, permitted + pending irrigation.
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Figure F-35.  Areas of evapotranspiration and water level contours for August 31, 1940. White is no ET. Red is 
maximum ET. Run F38b, drains, permitted + pending irrigation.

260 Analysis and Simulation of the Oakes Aquifer



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

Legend
F38b
Irrigation wells

Oakes Test Area

F38b Aug 1940 head contours

F38b Aug 1940 head image

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

Figure F-36.  Water level contours for August 31, 1940. Run F38b, drains, permitted + pending irrigation.
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Figure F-37.  Areas of evapotranspiration and water level contours for May 31, 1978. White is no ET. Red is maximum 
ET. Run F38b, drains, permitted + pending irrigation.
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Figure F-38.  Water level contours for May 31, 1978. Run F38b, drains, permitted + pending irrigation.
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Figure F-39.  Areas of evapotranspiration and water level contours for August 31, 1978. White is no ET. Red is 
maximum ET. Run F38b, drains, permitted + pending irrigation.
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Figure F-40.  Water level contours for August 31, 1978. Run F38b, drains, permitted + pending irrigation.
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Figure F-41.  Areas of evapotranspiration and water level contours for August 31, 1988. White is no ET. Red is 
maximum ET. Run F38b, drains, permitted + pending irrigation.
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Figure F-42.  Water level contours for August 31, 1988. Run F38b, drains, permitted + pending irrigation.
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Figure F-43.  Areas of evapotranspiration and water level contours for May 31, 1989. White is no ET. Red is maximum 
ET. Run F38b, drains, permitted + pending irrigation.
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Figure F-44.  Water level contours for May 31, 1989. Run F38b, drains, permitted + pending irrigation.
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Figure F-45.  Areas of evapotranspiration and water level contours for May 31, 2000. White is no ET. Red is maximum 
ET. Run F38b, drains, permitted + pending irrigation.
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Figure F-46.  Water level contours for May 31, 2000. Run F38b, drains, permitted + pending irrigation.
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Figure F-47.  Areas of evapotranspiration and water level contours for August 31, 2000. White is no ET. Red is 
maximum ET. Run F38b, drains, permitted + pending irrigation.
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Figure F-48.  Water level contours for August 31, 2000. Run F38b, drains, permitted + pending irrigation.
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Figure F-49.  Areas of evapotranspiration and water level contours for May 31, 1940. White is no ET. Red is maximum 
ET. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-50.  Water level contours for May 31, 1940. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-51.  Areas of evapotranspiration and water level contours for August 31, 1940. White is no ET. Red is 
maximum ET. Run H31, drains, DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-52.  Water level contours for August 31, 1940. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-53.  Areas of evapotranspiration and water level contours for May 31, 1978. White is no ET. Red is maximum 
ET. Run H31, drains, DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-54.  Water level contours for May 31, 1978. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-55.  Areas of evapotranspiration and water level contours for August 31, 1978. White is no ET. Red is 
maximum ET. Run H31, drains, DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-56.  Water level contours for August 31, 1978. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-57.  Areas of evapotranspiration and water level contours for August 31, 1988. White is no ET. Red is 
maximum ET. Run H31, drains, DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-58.  Water level contours for August 31, 1988. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-59.  Areas of evapotranspiration and water level contours for May 31, 1989. White is no ET. Red is maximum 
ET. Run H31, drains, DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-60.  Water level contours for May 31, 1989. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-61.  Areas of evapotranspiration and water level contours for May 31, 2000. White is no ET. Red is maximum 
ET. Run H31, drains, DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-62.  Water level contours for May 31, 2000. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-63.  Areas of evapotranspiration and water level contours for August 31, 2000. White is no ET. Red is 
maximum ET. Run H31, DSID-ESSER irrigation. Oakes climate dataset.
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Figure F-64.  Water level contours for August 31, 2000. Run H31, drains, permitted + DSID-ESSER irrigation. Oakes 
climate dataset.
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Figure F-65.  Areas of evapotranspiration and water level contours for May 31, 1940. White is no ET. Red is maximum 
ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-66.  Water level contours for May 31, 1940. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-67.  Areas of evapotranspiration and water level contours for August 31, 1940. White is no ET. Red is 
maximum ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-68.  Water level contours for August 31, 1940. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-69.  Areas of evapotranspiration and water level contours for May 31, 1978. White is no ET. Red is maximum 
ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-70.  Water level contours for May 31, 1978. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-71.  Areas of evapotranspiration and water level contours for August 31, 1978. White is no ET. Red is 
maximum ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-72.  Water level contours for August 31, 1978. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-73.  Areas of evapotranspiration and water level contours for August 31, 1988. White is no ET. Red is 
maximum ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-74.  Water level contours for August 31, 1988. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-75.  Areas of evapotranspiration and water level contours for May 31, 1989. White is no ET. Red is maximum 
ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-76.  Water level contours for May 31, 1989. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-77.  Areas of evapotranspiration and water level contours for May 31, 2000. White is no ET. Red is maximum 
ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-78.  Water level contours for May 31, 2000. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-79.  Areas of evapotranspiration and water level contours for August 31, 2000. White is no ET. Red is 
maximum ET. Run H51, DSID-ESSER irrigation. Forman climate dataset.
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Figure F-80.  Water level contours for August 31, 2000. Run H51, drains, permitted + DSID-ESSER irrigation. Forman 
climate dataset.
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Figure F-81.  Areas of evapotranspiration and water level contours for MAY 31, 1940. White is no ET. Red is maximum 
ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-82.  Water level contours for May 31, 1940. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.

NDSWC

An Assessment of Groundwater Availability 307



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

Legend
H81
Irrigation wells

Oakes Test Area

H81 Aug 1940 head contours

H81 Aug 1940 ET image

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

Figure F-83.  Areas of evapotranspiration and water level contours for August 31, 1940. White is no ET. Red is 
maximum ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-84.  Water level contours for August 31, 1940. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.
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Figure F-85.  Areas of evapotranspiration and water level contours for MAY 31, 1978. White is no ET. Red is maximum 
ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-86.  Water level contours for May 31, 1978. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.
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Figure F-87.  Areas of evapotranspiration and water level contours for August 31, 1978. White is no ET. Red is 
maximum ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-88.  Water level contours for August 31, 1978. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.
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Figure F-89.  Areas of evapotranspiration and water level contours for August 31, 1988. White is no ET. Red is 
maximum ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-90.  Water level contours for August 31, 1988. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.
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Figure F-91.  Areas of evapotranspiration and water level contours for MAY 31, 1989. White is no ET. Red is maximum 
ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-92.  Water level contours for May 31, 1989. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.
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Figure F-93.  Areas of evapotranspiration and water level contours for MAY 31, 2000. White is no ET. Red is maximum 
ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-94.  Water level contours for May 31, 2000. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.
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Figure F-95.  Areas of evapotranspiration and water level contours for August 31, 2000. White is no ET. Red is 
maximum ET. Run H81, DSID-ESSER irrigation. Fullerton climate dataset.
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Figure F-96.  Water level contours for August 31, 2000. Run H81, drains, permitted + DSID-ESSER irrigation. Fullerton 
climate dataset.
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Figure F-97. Drawdown on May 31, 1940 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.
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Figure F-98. Drawdown on August 31, 1940 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.
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Figure F-99. Drawdown on May 31, 1978 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.
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Figure F-100. Drawdown on August 31, 1978 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.
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Figure F-101. Drawdown on August 31, 1988 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.
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Figure F-102. Drawdown on May 31, 1989 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.
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Figure F-103. Drawdown on May 31, 2000 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.
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Figure F-104. Drawdown on August 31, 2000 for drains and permitted irrigation simulation using Oakes climate dataset 
(run F32). Simulation period 1905 to 2005.

NDSWC

An Assessment of Groundwater Availability 329
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Figure F-105. Drawdown on May 31, 1940 for drains and permitted + pending irrigation simulation using Oakes climate 
dataset (run F38b). Simulation period 1905 to 2005.
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Figure F-106. Drawdown on August 31, 1940 for drains and permitted + pending irrigation simulation using Oakes 
climate dataset (run F38b). Simulation period 1905 to 2005.
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Figure F-107. Drawdown on May 31, 1978 for drains and permitted + pending irrigation simulation using Oakes climate 
dataset (run F38b). Simulation period 1905 to 2005.
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Figure F-108. Drawdown on August 31, 1978 for drains and permitted + pending irrigation simulation using Oakes 
climate dataset (run F38b). Simulation period 1905 to 2005.
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Figure F-109. Drawdown on August 31, 1988 for drains and permitted + pending irrigation simulation using Oakes 
climate dataset (run F38b). Simulation period 1905 to 2005.
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Figure F-110. Drawdown on May 31, 1989 for drains and permitted + pending irrigation simulation using Oakes climate 
dataset (run F38b). Simulation period 1905 to 2005.

NDSWC

An Assessment of Groundwater Availability 335



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

-4

-4-4-3
-3

-3

-3

-3

-3

-2

-2

-2

-2

-2

-2

-2 -2
-2
-2

-2

-2

-1

-1
-1

-1

-1-1
-1

-1
-1

-1

-1

-1

-1

-1
-1-1 -1

-1

-1

-1 -1

-1-1

-1

0

0

0

0
0

0

0

0

00 0
0

0
00

0
0

0

0

1

1

1

1

1

1

11

1

1

1
1
1111111

1

2

22

2

22

222 2

2

22

3

3

3

3

3

3 3
3

3

33

3

4

4

44

5

5

5

5

5

6

6

6

6

7
8

8

8
8

Legend
F38b Irrigation wells

Oakes Test Area

F38b Drawdown May 2000 contours
contour interval 1 foot

Oakes aquifer model area

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

F38b Drawdown 
May 2000 image

Figure F-111. Drawdown on May 31, 2000 for drains and permitted + pending irrigation simulation using Oakes climate 
dataset (run F38b). Simulation period 1905 to 2005.
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Figure F-112. Drawdown on August 31, 2000 for drains and permitted + pending irrigation simulation using Oakes 
climate dataset (run F38b). Simulation period 1905 to 2005.
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Figure F-113. Drawdown on May 31, 1940 for drains and permitted + DSID-ESSER irrigation simulation using Oakes 
climate dataset (run H31). Simulation period 1905 to 2005.

338 Analysis and Simulation of the Oakes Aquifer



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

Legend
H31 Irrigation wells

Oakes Test Area

H31 Drawdown Aug 1940 contours
contour interval 1 foot

Oakes aquifer model area

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

H31 Drawdown 
Aug 1940 image

Figure F-114. Drawdown on August 31, 1940 for drains and permitted + DSID-ESSER irrigation simulation using 
Oakes climate dataset (run H31). Simulation period 1905 to 2005.
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Figure F-115. Drawdown on May 31, 1978 for drains and permitted + DSID-ESSER irrigation simulation using Oakes 
climate dataset (run H31). Simulation period 1905 to 2005.
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Figure F-116. Drawdown on August 31, 1978 for drains and permitted + DSID-ESSER irrigation simulation using 
Oakes climate dataset (run H31). Simulation period 1905 to 2005.
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Figure F-117. Drawdown on August 31, 1988 for drains and permitted + DSID-ESSER irrigation simulation using 
Oakes climate dataset (run H31). Simulation period 1905 to 2005.
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Figure F-118. Drawdown on May 31, 1989 for drains and permitted + DSID-ESSER irrigation simulation using Oakes 
climate dataset (run H31). Simulation period 1905 to 2005.
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Figure F-119. Drawdown on May 31, 2000 for drains and permitted + DSID-ESSER irrigation simulation using Oakes 
climate dataset (run H31). Simulation period 1905 to 2005.
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Figure F-120. Drawdown on August 31, 2000 for drains and permitted + DSID-ESSER irrigation simulation using 
Oakes climate dataset (run H31). Simulation period 1905 to 2005.
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Figure F-121. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for May 31, 1940 of 
1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-122. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for August 31, 1940 
of 1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-123. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for May 31, 1978 of 
1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-124. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for August 31, 1978 
of 1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-125. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for August 31, 1988 
of 1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-126. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for May 31, 1989 of 
1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-127. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for May 31, 2000 of 
1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-128. Difference in water levels between DSID-Esser (run H31) and  permitted (run F32) for August 31, 2000 
of 1905 to 2005 simulation. Run H31 minus run F32. Blue is less drawdown and red is more drawdown for DSID-Esser.
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Figure F-129. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for May 
31, 1940 of 1905 to 2005 simulation. H31 minus F38b. Blue is less drawdown and red is more drawdown.

354 Analysis and Simulation of the Oakes Aquifer



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

Legend
H31 Irrigation wells

Oakes Test Area

H31 - F38b  Aug 1940 contours
contour interval 1 foot

Oakes aquifer model area

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

H31 - F38b 
Aug 1940 image

Figure F-130. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for August 
31, 1940 of 1905 to 2005 simulation. Run  H31 minus run F38b. Blue is less drawdown and red is more drawdown for 
DSID-Esser.
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Figure F-131. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for May 
31, 1978 of 1905 to 2005 simulation. Run  H31 minus run F38b. Blue is less drawdown and red is more drawdown for 
DSID-Esser.

356 Analysis and Simulation of the Oakes Aquifer



12 7 8 9 1210 10 1111 12 8 97

18 1713 16 15 16 15 1414 18 17 1313

1924 20 21 22 21 22 23 2419 2023 24

30 2925 28 27 29 2826 25 27 26 2530

36 31 32 33 35 3635 3634 33 3431 32

1 6 5 4 3 3 241 6 12 5

712 8 9 121110 712 111098

18 17 16 1513 14 1313 1418 17 16 15

20 2119 2224 23 24 19 242320 2221

3025 29 28 27 25 30 28 2726 26 2529

32 3331 35 3636 34 32 33 34 3531 36

5 46 3 2 611 5 4 3 2

7 8 9 1012 11 7 812 9 10 11

13 18 17 1816 15 14 13 16 15 1417

24 19 20 21 24 19 21 2222 23 20 23

30 2925 28 25 30 2627 2926 28 27

36 3135 32 33 36 3134 35 33 3432 35

Legend
H31 Irrigation wells

Oakes Test Area

H31 - F38b  Aug 1978 contours
contour interval 1 foot

Oakes aquifer model area

0 1 2 3 4 5 miles

T131N
T130N

T130N
T129N

R59W  R58W

R59W  R58W

H31 - F38b 
Aug 1978
0 image

Figure F-132. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for August 
31, 1978 of 1905 to 2005 simulation. Run  H31 minus run F38b. Blue is less drawdown and red is more drawdown for 
DSID-Esser.
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Figure F-133. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for August 
31, 1988 of 1905 to 2005 simulation. Run  H31 minus run F38b. Blue is less drawdown and red is more drawdown for 
DSID-Esser.
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Figure F-134. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for May 
31, 1989 of 1905 to 2005 simulation. Run  H31 minus run F38b. Blue is less drawdown and red is more drawdown for 
DSID-Esser.
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Figure F-135. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for May 
31, 2000 of 1905 to 2005 simulation. Run  H31 minus run F38b. Blue is less drawdown and red is more drawdown for 
DSID-Esser.
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Figure F-136. Difference in water levels between DSID-Esser (run H31) and  permitted + pending (run F38b) for August 
31, 2000 of 1905 to 2005 simulation. Run  H31 minus run F38b. Blue is less drawdown and red is more drawdown for 
DSID-Esser.
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Appendix G.  Analysis of Surface Water Supplies for DSID.

An analysis was performed by Dale Esser, Garrison Diversion Conservancy District (GDCD), to determine the 
annual quantities of groundwater that would be needed to supplement water available from the James River flows 
and Jamestown Reservoir conservation pool. Estimated annual irrigation water requirements were provided for 1905 
to 2005 for the Forman, Fullerton, and Oakes climate datasets. The estimates were determined using the Versatile 
Soil Moisture Budget Model (VB2K) (see Recharge, ETgw, and Irrigation Water Use in the Model results section of 
the report and Appendix E).

The results of the analysis were provided to the NDSWC as an Excel spreadsheet file, Surface water estimates for 
permit modeling.xls. The contents of the spreadsheet are present in the following Notes section and tables G-1 to 
G-10.

Notes Describing Contents of Spreadsheet 
Estimates of Jamestown Reservoir conservation pool availability for release to Oakes and availability of surplus 
James River flows:

Pre-1955 Worksheet
- The 1928 to 1954 flow data at Jamestown is from Milt Lindvig's report on potential water sources for Oakes.
- Jamestown flow was separated in Pipestem Creek/James River flow by comparing 1974 to 2009 reservoir inflows 

(Pipestem worksheet).
- Two relationships were apparent, less than 60,000 acre-feet total flow per year and more than 60,000 acre-feet.
- On average, 35% of flow could be attributed to Jamestown Reservoir in years of less than 60,000 acre-feet of 

flow.
- On average, 60% of flow could be attributed to Jamestown Reservoir in years of more than 60,000 acre-feet of 

flow.
- The calculations dividing river flows is in the Pre-1955 river flows worksheet.

- There is no data for 1934 to 1937 and 1940 to 1942.

Pre-1955 River Flows Worksheet
- The flow data is from Milt Lindvig's report on potential water sources for Oakes.
- On the right side of the worksheet, an if/then statement is used to estimate the acre-feet of flow assigned to 

Jamestown Reservoir.

1955 to Current Worksheet
- Actual inflow and discharge data was used.

Conveyance Worksheet
- The ability of summer river flows to convey conservation pool releases to Oakes was estimated.
- To simulate flows in pre-reservoir years the March to August flows were totaled and an average May to August 

discharge rate was determined.
- Evaporation losses were assumed to be 12 inches per year (taken from James River Comprehensive Report, 

Appendix B, September 1989)
- Jamestown Reservoir = 2,113 acres at elevation 1430.
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Pipestem Worksheet
- The left side lists actual Pipestem Reservoir inflow/discharge data.
- Pipestem and Jamestown Reservoir data is compared, calculating the percentage of actual flow into each reservoir.
- Data was then divided into two categories, less than 60,000 acre-feet total flow and more than 60,000 acre-feet.
- In years of low flow (<60,000 ac-ft), less of the flow tends to be from the James River, averaging 35%.
- In years of high flow (>60,000 ac-ft), more of the flow tends to be from the James River, averaging 60%.

State Hospital Worksheet
- Rainfall data from State Hospital was used to estimate whether there may have been flow to refill the Jamestown 

Reservoir conservation pool during years of no river flow data.

Surplus Flows Worksheet
- Three datasets were used to estimate availability of surplus:
     - 1929 to 1949 = Jamestown gage
     - 1950 to 1981 = LaMoure gage
     - 1982 to present = State Line (Ludden) gage
- Based on comparison of average monthly discharge rates, the following average rates were selected as satisfying 

Sand Lake National Wildlife Refuge Operating Principles targets:
        - Jamestown gage - 600 cubic feet per second
        - LaMoure gage - 750 cfs
        - Ludden gage - 850 cfs

Demand Worksheet
- Modeled irrigation demand was provided by the ND State Water Commission.  Three weather datasets were used - 

Oakes, Forman and Fullerton.
- Recaptured drain flows were conservatively set to average 500 acre-feet per year.
- In years surplus flows would be available, they are assumed to be total irrigation demand minus recaptured drain 

flows.
- The supply from the Jamestown Reservoir conservation pool releases is referenced from the Pre-1955 and 1955 to 

current worksheets.

Red River Worksheet
- Red River and James River flow data for 1929 to 1955 was compared to determine if there is any correlation.
- There is no relationship in flows between the two rivers, so Red River flows cannot be used to interpolate James 

River flows.

NDSWC
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Table G-1.  Summary: Estimate of Availability of Surplus Flows and Jamestown Reservoir Conservation Pool Water, 
1929 to 2005 and Estimate of Groundwater Volumes Required.

Recaptured Jamestown Reservoir
Drain Oakes Fullerton Forman Conservation Pool Oakes Fullerton Forman
Flows Weather Weather Weather Releases Pumped Weather Weather Weather

Year (ac-ft) at Oakes (ac-ft)
1929 500 0 0 0 1,846 3,333 2,350 2,771
1930 500 0 0 0 1,846 2,612 2,183 2,508
1931 500 0 0 0 1,380 2,195 2,349 2,628
1932 500 0 0 0 1,380 2,424 2,716 2,020
1933 500 0 0 0 0 4,871 3,733 4,663
1934 500 0 0 0 0 6,500 6,054 6,467
1935 500 0 0 0 1,380 1,420 903 1,216
1936 500 0 0 0 0 7,542 6,696 7,638
1937 500 0 0 0 1,380 3,224 3,374 491
1938 500 0 0 0 0 4,613 4,408 2,975
1939 500 0 0 0 0 3,392 3,375 3,158
1940 500 0 0 0 0 3,258 2,800 2,258
1941 500 0 0 0 1,380 2,337 2,270 1,870
1942 500 0 0 0 1,380 670 245 403
1943 500 1,888 1,488 1,713 0 0 0 0
1944 500 0 0 0 1,380 0 291 416
1945 500 0 0 0 1,846 1,654 1,729 1,687
1946 500 0 0 0 0 3,463 2,388 2,863
1947 500 0 0 0 1,846 2,050 1,583 2,121
1948 500 3,008 3,550 2,475 0 0 0 0
1949 500 4,092 3,679 1,958 0 0 0 0
1950 500 4,504 4,521 4,092 0 0 0 0
1951 500 1,917 2,017 2,633 0 0 0 0
1952 500 3,167 4,129 3,517 0 0 0 0
1953 500 0 0 0 1,846 579 1,191 1,558
1954 500 0 0 0 1,846 1,541 1,954 2,254
1955 500 0 0 0 0 2,042 2,029 2,092
1956 500 0 0 0 1,846 0 729 591
1957 500 0 0 0 0 1,567 2,146 2,029
1958 500 0 0 0 0 2,792 3,629 3,604
1959 500 0 0 0 0 3,163 4,758 2,758
1960 500 0 0 0 1,846 412 1,637 1,371
1961 500 0 0 0 1,380 1,583 2,716 2,195
1962 500 0 0 0 1,846 0 0 0
1963 500 0 0 0 6 2,619 2,865 2,919
1964 500 0 0 0 0 2,188 2,617 2,075
1965 500 0 0 0 1,846 421 0 0
1966 500 2,358 2,275 1,600 0 0 0 0
1967 500 0 0 0 1,846 1,346 2,371 983
1968 500 0 0 0 1,846 696 937 1,091
1969 500 0 0 0 1,846 1,071 1,708 1,429
1970 500 0 0 0 1,846 2,341 3,033 2,666
1971 500 0 0 0 1,846 746 987 1,041
1972 500 0 0 0 1,846 616 1,166 908
1973 500 0 0 0 1,380 3,062 5,078 2,183
1974 500 0 0 0 1,846 1,896 3,054 2,746
1975 500 0 0 0 1,846 1,154 1,154 521
1976 500 0 0 0 1,846 4,841 4,675 3,716
1977 500 0 0 0 1,380 2,512 2,224 1,570
1978 500 0 0 0 1,846 1,733 1,179 571
1979 500 3,317 3,158 2,375 0 0 0 0
1980 500 0 0 0 1,846 3,171 3,100 1,696
1981 500 0 0 0 1,846 2,283 325 462
1982 500 0 0 0 1,846 3,721 3,271 2,337
1983 500 0 0 0 1,846 1,116 2,316 1,229
1984 500 4,004 4,167 3,246 0 0 0 0
1985 500 0 0 0 1,846 2,425 3,129 1,421
1986 500 0 0 0 1,846 346 512 0
1987 500 4,067 3,375 3,392 0 0 0 0
1988 500 0 0 0 1,846 6,358 4,666 3,871
1989 500 0 0 0 1,846 1,425 1,971 1,421
1990 500 0 0 0 1,380 2,424 1,837 1,678
1991 500 0 0 0 0 3,083 3,179 2,154
1992 500 0 0 0 0 2,088 1,771 1,663
1993 500 0 0 0 0 1,179 908 825
1994 500 3,158 2,342 2,275 0 0 0 0
1995 500 2,750 1,613 2,054 0 0 0 0
1996 500 3,167 3,625 3,483 0 0 0 0
1997 500 3,029 2,396 2,150 0 0 0 0
1998 500 2,175 1,513 2,171 0 0 0 0
1999 500 1,392 1,388 1,367 0 0 0 0
2000 500 0 0 0 1,846 0 91 0
2001 500 2,767 2,492 2,529 0 0 0 0
2002 500 0 0 0 1,846 0 1,087 0
2003 500 0 0 0 1,846 950 1,646 625
2004 500 2,504 2,500 1,971 0 0 0 0
2005 500 0 0 0 1,846 0 0 0

Total 38,500 53,263 50,225 45,000 74,262 127,040 133,093 110,403

Estimate of Availability of Surplus Flows and Jamestown
Reservoir Conservation Pool Water, 1929 to 2005
and Estimates of Groundwater Volumes Required

--- acre-feet used ---

---Surplus Flows ---- ---Groundwater ----

--- acre-feet needed ---
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Table G-8.  Surplus Flows: Comparison of Peak Monthly Average Flow vs Operating Principles Targets.

Comparison of Peak Monthly Average Flow vs Operating Principles Targets

Enough
Refuge Flow to
Targets Achieve
Actually State Bear Refuge

Year Reached? Line LaMoure Creek Year Mar Apr May June July August Targets?
1992 N 144 83 4 1928
1993 N 199 111 28 1929 182 42 27 12 4 1 N
1994 Y 1,180 859 108 1930 264 154 71 18 6 1 N
1995 Y 1,416 1,364 122 1931 13 31 2 1 1 1 N
1996 Y 1,845 1,548 183 1932 79 39 12 14 3 1 N
1997 Y 4,617 3,209 679 1933 107 55 25 2 1 0 N
1998 Y 1,058 682 142 1934 N
1999 Y 1,175 941 176 1935 N
2000 N 208 173 35 1936 N
2001 Y 1,723 1,403 148 1937 N
2002 N 286 202 8 1938 15 2 1 1 2 1 N
2003 N 474 298 42 1939 21 1 1 4 1 1 N
2004 Y 850 817 19 1940 N
2005 Y 934 649 83 1941 N
2006 N 332 158 104 1942 N
2007 Y 1,315 1,074 75 1943 677 119 236 110 16 Y
2008 N 169 170 16 1944 2 18 47 57 24 10 N
2009 Y 5,862 4,598 640 1945 145 76 27 14 3 4 N

1946 61 95 20 5 5 3 N
1947 103 274 50 44 57 12 N
1948 111 1,458 544 68 37 29 Y
1949 92 688 114 101 24 4 Y

1950 3,114 578 135 47 Y
1951 55 800 219 85 33 18 Y
1952 17 1,513 139 32 49 16 Y
1953 84 42 63 418 130 27 N
1954 28 32 22 278 142 19 N
1955 42 147 26 72 86 21 N
1956 41 99 55 279 42 18 N
1957 21 50 36 21 14 12 N
1958 223 140 45 48 29 10 N
1959 18 24 20 26 27 6 N
1960 97 461 45 36 13 7 N
1961 44 29 22 9 5 3 N
1962 123 158 57 86 825 182 N
1963 33 66 52 35 21 17 N
1964 12 70 39 186 70 19 N
1965 10 565 177 67 86 170 N
1966 1,202 661 519 408 215 68 Y
1967 226 281 247 266 156 33 N
1968 53 51 51 168 31 13 N
1969 5 17 461 455 405 292 N
1970 35 161 112 44 15 5 N
1971 85 167 164 179 67 10 N
1972 391 194 104 81 33 48 N
1973 93 30 15 8 2 9 N
1974 115 132 134 396 90 33 N
1975 20 615 610 552 387 290 N
1976 168 314 150 41 25 14 N
1977 32 23 12 23 35 10 N
1978 430 246 214 225 145 64 N
1979 59 1,165 591 488 309 257 Y
1980 114 84 24 32 17 16 N
1981 63 48 25 26 24 12 N

1982 55 816 289 242 211 142 N
1983 672 517 316 204 226 207 N
1984 244 943 307 301 195 117 Y
1985 133 91 22 12 1 1 N
1986 359 306 523 180 81 63 N
1987 800 977 579 373 227 187 Y
1988 102 135 25 2 0 0 N
1989 161 496 31 8 1 0 N
1990 26 33 10 20 6 0 N
1991 29 46 52 111 59 2 N
1992 144 42 11 28 12 2 N
1993 99 199 42 118 713 1,143 N
1994 423 1,180 848 493 544 313 Y
1995 853 1,209 1,416 1,200 1,181 1,006 Y
1996 677 1,845 1,552 1,099 454 405 Y
1997 317 4,617 2,316 1,447 1,000 585 Y
1998 693 1,058 794 714 678 264 Y
1999 587 1,175 1,968 1,416 1,050 929 Y
2000 525 208 208 211 490 478 N
2001 174 1,723 1,315 1,403 946 659 Y
2002 94 188 286 153 168 70 N
2003 92 88 414 474 244 131 N
2004 153 526 541 850 625 254 Y
2005 119 126 225 934 447 369 Y
2006 180 332 191 47 5 5 N
2007 377 572 723 1,315 702 383 Y
2008 86 128 53 169 64 58 N
2009 731 5,862 4,011 2,581 1,485 629 Y

Peak March to June Monthly CFS

----@ State Line -------

Monthly Mean Discharge (cfs)

---- @ Jamestown Gage ------

----@ LaMoure Gage -------

NDSWC
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