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Introduction

• The San Joaquin Valley (SJV) is a productive agricultural area that 
faces two severe hydrologic issues: persistent ground-water overdraft 
and flooding risks. 

• Groundwater makes up 30%, 38% and 54% of total water demand in 
the Sacramento River, San Joaquin River and Tulare Lake hydrologic 
regions, respectively (DWR 2013). 

• From 2005 to 2010, between 5.5 and 13 million acre-feet of storage 
was lost in the Central Valley aquifer (DWR 2013), and SJV 
groundwater levels are more than 100 feet below previous historic 
lows (DWR 2014).



Changes in groundwater over time



The future

• The hedge against future droughts can be accomplished by groundwater 
recharge on agricultural land

• Perennial crops, such as grapes are excellent candidates for groundwater 
recharge during the dormant winter rainy season.

• Also very tolerant

• Though grapes are very water use efficient, the expanded acreage now means 
that a sustainable water supply is needed to maintain future production. 

• Droughts are a reoccurring climate event, with return intervals becoming more 
variable.



Addressing the issue

• Capturing flood flows for groundwater recharge could help address issues of 
water supply and to mitigate downstream urban flood damage.  

• However, flood flow frequency, duration, and magnitude vary greatly 
depending on snowpack. 

• This variability makes dedicated, engineered recharge approaches expensive.  

• However, existing infrastructure could be modified to reverse flows from 
existing irrigation infrastructure during the winter period when abundant water 
is available 



Flows in excess of 100 CFS generally only occur 
in the James Bypass 



Moving water for recharge

Since water movement  was 

originally engineered to leave 

fields, some modification is 

likely necessary to reverse flow 

from main ditches and slews 

back onto fields during flood 

flows or when water is 

available.



How recharge works



How recharge works



Concerns

• Concerns with groundwater recharge include leaching of salts and 
nitrates to groundwater.  

• Nitrate, primarily from fertilizers, septic tanks, dairies, and soil salts, 
locally occurring but also exacerbated by farming practices, irrigation 
waters, and wastes, are water quality issues affecting SJV groundwater 
sustainability. 
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BACKGROUND
Groundwater	overdraft	is	an	increasing	problem,	especially	
during	drought	when	surface	water	allocations	are	reduced.	
Application	of	flood	flow	to	agricultural	lands	could	recharge	
underlying	aquifers	and	reduce	flood	damage	to	downstream	
areas.	Potential	Benefits	include	a	reliable	future	basin-wide	
water	supply,	reduced	flood	risks,	reduced	pumping	costs,	

flushing	of	salts	from	the	root	zone,	and	mitigating	land	
subsidence. However,	uncertainties	remain	including	the	
timing	of	groundwater	recharge	and	the	risk	of	nitrate	

(NO3
-)	leaching	from	cropping	systems.	

RESEARCH	QUESTIONS
1. How	will	groundwater	banking	affect	NO3

- loading	to	the	
underlying	aquifer?	

2. Will	groundwater	banking	exacerbate	or	dilute	NO3
-

concentration	in	aquifers?
3. How	will	cropping	system	influence	NO3

- loading?
4. Is	NO3

- attenuation	in	the	deep	vadose	zone	occurring?
5. If	NO3

- attenuation	is	occurring,	is	the	mechanism	via	
microbially mediated	denitrification	and/or	chemical	
reduction	of	NO3

-?
6. What	soil	structural	and	hydraulic	factors	are	

influencing	the	fate	of	NO3
- during	groundwater	

banking?	
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FIGURE	1:	Nitrate-N	distribution	in	pore	
water	(mg	NO3

--N	/L	)	for	all	36	cores	with	
depth	by	cropping	system.	

Figure	3:	Median	log	scale	NO3
- levels	(Kg	NO3

- -N/ha)	throughout	the	entire	profile	
(left)	and	below	five	meters	(right).	Nitrate	variability	decreases	with	depth.	The	
non-parametric	Kruskal-Wallace	test	indicates	a	significant	difference	between	
cropping	systems	throughout	the	entire	profile	and	below	five	meters	where	values	
decreased	in	all	cropping	systems.	Tomatoes	had	the	highest	median	NO3

- levels	
(19.07	Kg	NO3

- -N/ha)	compared	to	almonds	(14.83	Kg	NO3
- -N/ha)	and	grapes	

(5.310	Kg	NO3
- -N/ha).

• NO3
--N concentrations	and	variability	decrease	with	

depth.	This	could	be	due	to	dilution,	attenuation	by	
denitrification,	or	by	preferential	flow	paths	moving	
NO3

- faster	and	further	below	the	9	meter	profile.
• Nitrate-N	decreases	with	depth,	however	78%	of	NO3

--N	
values	are	above	the	EPA	drinking	water	standard	of	10	
mg/L.

• No	correlation	between	NO3
- and	clay	was	found	

(results	not	shown),	possibly	indicating	denitrification	
is	not	occurring.

• Tomatoes	and	almond	systems	have	higher	total	and	
median	NO3

- levels	and	could	pose	a	larger	risk	of	
leaching	NO3

- to	groundwater	under	managed	recharge	
compared	to	grapes

• Total	residual	NO3
- in	kg/ha	is	very	high.	If	we	assume	

2.5	tons	of	N	have	leached	from	these	systems	over	the	
last	50	years,	the	vadose	zone	has	higher	levels	than	
what	could	have	been	leached	from	agriculture	based	
on	estimates	down	to	60m.	

• Almond	and	Tomato	cropping	systems	have	higher	
potential	to	contaminate	groundwater	due	to	higher	
residual	NO3

- levels	in	the	root	and	deep	vadose	zone
• No	correlation	between	clay	and	NO3

- levels	was	
found,	possibly	indication	denitrification	may	not	be	
attenuating	NO3

- in	the	deep	vadose	zone.

NEXT	STEPS
• Calibrate	1-D	HYDRUS	model	with	texture	and	NO3

-

data	collected	from	Geoprobe cores	down	to	9	m.	Run	
scenarios	for	multiple	cropping	systems	to	see	the	
potential	for	contamination

• Theoretical	modeling	experiment	to	assess	varying	
percentages	of	the	immobile/mobile	domain	and	its	
impact	on	leaching	and	attenuation	under	varying	
amounts	of	recharge	in	HYDRUS	2D	calibrated	with	lab	
column	experiment

• Run	denitrification	potential	assays	on	layers	in	the	
deep	vadose	zone	to	see	if	NO3

- could	be	attenuated.
• Analyze	15N	and	18O	isotopes	of	NO3

- to	quantify	
denitrification	

• Do	the	alluvial	soils	of	the	central	valley	have	a	natural	
capacity	to	supply	N	further	contributing	to	NO3

-

contamination	of	groundwater?

Three	replicate	cores	were	taken	down	to	9	meters	in	4	grape,	4	tomato,	and	4	
almond	fields	using	a	Geoprobe (Geoprobe Systems,	Salina,	KS).	Cores	were	
analyzed	in	the	lab	for	NO3

-,	texture,	and	moisture.

FIGURE	2:	Total	NO3
--N estimated	to	

a	depth	of	60	meters	based	on	NO3
--

N levels	at	bottom	of	9	meter	core	
(kg	NO3

--N/ha).	No	significant	
differences	between	cropping	
systems,	however	grapes	show	a	
lower	trend	than	Tomatoes	and	
Almonds.	

●Fresno
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Lab studies:

Processing cores

Analysis for 
salts, nitrates, 
dissolved carbon
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Study 1

Nitrate	Leaching	Risk	from	Specialty	Crop	Fields	During	Agricultural	Groundwater	
Banking	in	the	Kings	Groundwater	Basin

Hannah	Waterhouse1,	William	R.	Horwath1,	Helen	Dahlke1,	and	Philip	A.M.	Bachand2,	
1	University	of	California,	Davis,	2 Bachand &	Associates

BACKGROUND
Groundwater	overdraft	is	an	increasing	problem,	especially	
during	drought	when	surface	water	allocations	are	reduced.	
Application	of	flood	flow	to	agricultural	lands	could	recharge	
underlying	aquifers	and	reduce	flood	damage	to	downstream	
areas.	Potential	Benefits	include	a	reliable	future	basin-wide	
water	supply,	reduced	flood	risks,	reduced	pumping	costs,	

flushing	of	salts	from	the	root	zone,	and	mitigating	land	
subsidence. However,	uncertainties	remain	including	the	
timing	of	groundwater	recharge	and	the	risk	of	nitrate	

(NO3
-)	leaching	from	cropping	systems.	

RESEARCH	QUESTIONS
1. How	will	groundwater	banking	affect	NO3

- loading	to	the	
underlying	aquifer?	

2. Will	groundwater	banking	exacerbate	or	dilute	NO3
-

concentration	in	aquifers?
3. How	will	cropping	system	influence	NO3

- loading?
4. Is	NO3

- attenuation	in	the	deep	vadose	zone	occurring?
5. If	NO3

- attenuation	is	occurring,	is	the	mechanism	via	
microbially mediated	denitrification	and/or	chemical	
reduction	of	NO3

-?
6. What	soil	structural	and	hydraulic	factors	are	

influencing	the	fate	of	NO3
- during	groundwater	

banking?	

REFERENCES	AND	ACKNOWLEDGEMENTS
• Bachand,	Philip	A.	M.,	Sujoy	B.	Roy,	Joe	Choperena,	Don	Cameron,	and	William	R.	Horwath.	

"Implications	of	Using	On-Farm	Flood	Flow	Capture	To	Recharge	Groundwater	and	Mitigate	
Flood	Risks	Along	the	Kings	River,	CA."	Enviromental Science	&	Technology	Environ.	Sci.	
Technol. 48.23	(2014):	13601-3609.

• Thank	you	to	CDFA,	Matthew	Reed,	Feifan Yang,	and	Timothy	Doane

FOCUS	AREA

PRELIMINARY	RESULTS

DISCUSSION

CONCLUSIONS

FIGURE	1:	Nitrate-N	distribution	in	pore	
water	(mg	NO3

--N	/L	)	for	all	36	cores	with	
depth	by	cropping	system.	

Figure	3:	Median	log	scale	NO3
- levels	(Kg	NO3

- -N/ha)	throughout	the	entire	profile	
(left)	and	below	five	meters	(right).	Nitrate	variability	decreases	with	depth.	The	
non-parametric	Kruskal-Wallace	test	indicates	a	significant	difference	between	
cropping	systems	throughout	the	entire	profile	and	below	five	meters	where	values	
decreased	in	all	cropping	systems.	Tomatoes	had	the	highest	median	NO3

- levels	
(19.07	Kg	NO3

- -N/ha)	compared	to	almonds	(14.83	Kg	NO3
- -N/ha)	and	grapes	

(5.310	Kg	NO3
- -N/ha).

• NO3
--N concentrations	and	variability	decrease	with	

depth.	This	could	be	due	to	dilution,	attenuation	by	
denitrification,	or	by	preferential	flow	paths	moving	
NO3

- faster	and	further	below	the	9	meter	profile.
• Nitrate-N	decreases	with	depth,	however	78%	of	NO3

--N	
values	are	above	the	EPA	drinking	water	standard	of	10	
mg/L.

• No	correlation	between	NO3
- and	clay	was	found	

(results	not	shown),	possibly	indicating	denitrification	
is	not	occurring.

• Tomatoes	and	almond	systems	have	higher	total	and	
median	NO3

- levels	and	could	pose	a	larger	risk	of	
leaching	NO3

- to	groundwater	under	managed	recharge	
compared	to	grapes

• Total	residual	NO3
- in	kg/ha	is	very	high.	If	we	assume	

2.5	tons	of	N	have	leached	from	these	systems	over	the	
last	50	years,	the	vadose	zone	has	higher	levels	than	
what	could	have	been	leached	from	agriculture	based	
on	estimates	down	to	60m.	

• Almond	and	Tomato	cropping	systems	have	higher	
potential	to	contaminate	groundwater	due	to	higher	
residual	NO3

- levels	in	the	root	and	deep	vadose	zone
• No	correlation	between	clay	and	NO3

- levels	was	
found,	possibly	indication	denitrification	may	not	be	
attenuating	NO3

- in	the	deep	vadose	zone.

NEXT	STEPS
• Calibrate	1-D	HYDRUS	model	with	texture	and	NO3

-

data	collected	from	Geoprobe cores	down	to	9	m.	Run	
scenarios	for	multiple	cropping	systems	to	see	the	
potential	for	contamination

• Theoretical	modeling	experiment	to	assess	varying	
percentages	of	the	immobile/mobile	domain	and	its	
impact	on	leaching	and	attenuation	under	varying	
amounts	of	recharge	in	HYDRUS	2D	calibrated	with	lab	
column	experiment

• Run	denitrification	potential	assays	on	layers	in	the	
deep	vadose	zone	to	see	if	NO3

- could	be	attenuated.
• Analyze	15N	and	18O	isotopes	of	NO3

- to	quantify	
denitrification	

• Do	the	alluvial	soils	of	the	central	valley	have	a	natural	
capacity	to	supply	N	further	contributing	to	NO3

-

contamination	of	groundwater?

Three	replicate	cores	were	taken	down	to	9	meters	in	4	grape,	4	tomato,	and	4	
almond	fields	using	a	Geoprobe (Geoprobe Systems,	Salina,	KS).	Cores	were	
analyzed	in	the	lab	for	NO3

-,	texture,	and	moisture.

FIGURE	2:	Total	NO3
--N estimated	to	

a	depth	of	60	meters	based	on	NO3
--

N levels	at	bottom	of	9	meter	core	
(kg	NO3

--N/ha).	No	significant	
differences	between	cropping	
systems,	however	grapes	show	a	
lower	trend	than	Tomatoes	and	
Almonds.	



Total nitrate in cores
Study 1

Nitrate	Leaching	Risk	from	Specialty	Crop	Fields	During	Agricultural	Groundwater	
Banking	in	the	Kings	Groundwater	Basin

Hannah	Waterhouse1,	William	R.	Horwath1,	Helen	Dahlke1,	and	Philip	A.M.	Bachand2,	
1	University	of	California,	Davis,	2 Bachand &	Associates

BACKGROUND
Groundwater	overdraft	is	an	increasing	problem,	especially	
during	drought	when	surface	water	allocations	are	reduced.	
Application	of	flood	flow	to	agricultural	lands	could	recharge	
underlying	aquifers	and	reduce	flood	damage	to	downstream	
areas.	Potential	Benefits	include	a	reliable	future	basin-wide	
water	supply,	reduced	flood	risks,	reduced	pumping	costs,	

flushing	of	salts	from	the	root	zone,	and	mitigating	land	
subsidence. However,	uncertainties	remain	including	the	
timing	of	groundwater	recharge	and	the	risk	of	nitrate	

(NO3
-)	leaching	from	cropping	systems.	

RESEARCH	QUESTIONS
1. How	will	groundwater	banking	affect	NO3

- loading	to	the	
underlying	aquifer?	

2. Will	groundwater	banking	exacerbate	or	dilute	NO3
-

concentration	in	aquifers?
3. How	will	cropping	system	influence	NO3

- loading?
4. Is	NO3

- attenuation	in	the	deep	vadose	zone	occurring?
5. If	NO3

- attenuation	is	occurring,	is	the	mechanism	via	
microbially mediated	denitrification	and/or	chemical	
reduction	of	NO3

-?
6. What	soil	structural	and	hydraulic	factors	are	

influencing	the	fate	of	NO3
- during	groundwater	

banking?	

REFERENCES	AND	ACKNOWLEDGEMENTS
• Bachand,	Philip	A.	M.,	Sujoy	B.	Roy,	Joe	Choperena,	Don	Cameron,	and	William	R.	Horwath.	

"Implications	of	Using	On-Farm	Flood	Flow	Capture	To	Recharge	Groundwater	and	Mitigate	
Flood	Risks	Along	the	Kings	River,	CA."	Enviromental Science	&	Technology	Environ.	Sci.	
Technol. 48.23	(2014):	13601-3609.

• Thank	you	to	CDFA,	Matthew	Reed,	Feifan Yang,	and	Timothy	Doane

FOCUS	AREA

PRELIMINARY	RESULTS

DISCUSSION

CONCLUSIONS

FIGURE	1:	Nitrate-N	distribution	in	pore	
water	(mg	NO3

--N	/L	)	for	all	36	cores	with	
depth	by	cropping	system.	

Figure	3:	Median	log	scale	NO3
- levels	(Kg	NO3

- -N/ha)	throughout	the	entire	profile	
(left)	and	below	five	meters	(right).	Nitrate	variability	decreases	with	depth.	The	
non-parametric	Kruskal-Wallace	test	indicates	a	significant	difference	between	
cropping	systems	throughout	the	entire	profile	and	below	five	meters	where	values	
decreased	in	all	cropping	systems.	Tomatoes	had	the	highest	median	NO3

- levels	
(19.07	Kg	NO3

- -N/ha)	compared	to	almonds	(14.83	Kg	NO3
- -N/ha)	and	grapes	

(5.310	Kg	NO3
- -N/ha).

• NO3
--N concentrations	and	variability	decrease	with	

depth.	This	could	be	due	to	dilution,	attenuation	by	
denitrification,	or	by	preferential	flow	paths	moving	
NO3

- faster	and	further	below	the	9	meter	profile.
• Nitrate-N	decreases	with	depth,	however	78%	of	NO3

--N	
values	are	above	the	EPA	drinking	water	standard	of	10	
mg/L.

• No	correlation	between	NO3
- and	clay	was	found	

(results	not	shown),	possibly	indicating	denitrification	
is	not	occurring.

• Tomatoes	and	almond	systems	have	higher	total	and	
median	NO3

- levels	and	could	pose	a	larger	risk	of	
leaching	NO3

- to	groundwater	under	managed	recharge	
compared	to	grapes

• Total	residual	NO3
- in	kg/ha	is	very	high.	If	we	assume	

2.5	tons	of	N	have	leached	from	these	systems	over	the	
last	50	years,	the	vadose	zone	has	higher	levels	than	
what	could	have	been	leached	from	agriculture	based	
on	estimates	down	to	60m.	

• Almond	and	Tomato	cropping	systems	have	higher	
potential	to	contaminate	groundwater	due	to	higher	
residual	NO3

- levels	in	the	root	and	deep	vadose	zone
• No	correlation	between	clay	and	NO3

- levels	was	
found,	possibly	indication	denitrification	may	not	be	
attenuating	NO3

- in	the	deep	vadose	zone.

NEXT	STEPS
• Calibrate	1-D	HYDRUS	model	with	texture	and	NO3

-

data	collected	from	Geoprobe cores	down	to	9	m.	Run	
scenarios	for	multiple	cropping	systems	to	see	the	
potential	for	contamination

• Theoretical	modeling	experiment	to	assess	varying	
percentages	of	the	immobile/mobile	domain	and	its	
impact	on	leaching	and	attenuation	under	varying	
amounts	of	recharge	in	HYDRUS	2D	calibrated	with	lab	
column	experiment

• Run	denitrification	potential	assays	on	layers	in	the	
deep	vadose	zone	to	see	if	NO3

- could	be	attenuated.
• Analyze	15N	and	18O	isotopes	of	NO3

- to	quantify	
denitrification	

• Do	the	alluvial	soils	of	the	central	valley	have	a	natural	
capacity	to	supply	N	further	contributing	to	NO3

-

contamination	of	groundwater?

Three	replicate	cores	were	taken	down	to	9	meters	in	4	grape,	4	tomato,	and	4	
almond	fields	using	a	Geoprobe (Geoprobe Systems,	Salina,	KS).	Cores	were	
analyzed	in	the	lab	for	NO3

-,	texture,	and	moisture.

FIGURE	2:	Total	NO3
--N estimated	to	

a	depth	of	60	meters	based	on	NO3
--

N levels	at	bottom	of	9	meter	core	
(kg	NO3

--N/ha).	No	significant	
differences	between	cropping	
systems,	however	grapes	show	a	
lower	trend	than	Tomatoes	and	
Almonds.	



Terranova Ranch (Study 2)

Looked at wine 

grapes, tomatoes and 

almonds



Panoramic picture of the James Bypass from the Terranova Ranch in October 2010 (top) 
and early February 2011 (below) from the Highway 145 overpass. 

Flood flows occur approximately on a 2-year interval. 



Monitoring



Infiltration rates



Infiltration potential

At a measured infiltration rate 

of  2.5 inches per day in wine 

grape checks approximately 

on 10 acres is required to 

capture 1 CFS.  That 

relationship corresponds to 

pumping water at 3,500 gpm

onto a 70-acre field.



Flows diverted past the James Weir (A) into the James 
Bypass (B). Diverted flows ranged up to 22 CFS. The 
total volume diverted to the ranch was 3,116 acre-ft



Modeled Cumulative N Profile for 

different crops.

Soil profiles were developed over a 

25-year run under BAU fertilization 

and irrigation practices. Nitrogen 

profiles are shown for a 200-foot 

unsaturated (vadose) zone showing 

cumulative N mass by depth. The 

profiles show increasing N with depth 

over the 25-year period and compares 

those profiles with the first 30-feet of 

data from collected soil cores.



Changes in groundwater nitrate 
concentrations under low recharge rates. 

This example is representative of lower 
recharge rates (2-ft recharge per 
recharge year) across 500 acres for 
groundwater velocities in the range 
typical for the Tulare Lake Hydrologic 
Region (Vx = 2 ft/d, Vz = 0.003 ft/d). 

Locations represent observation points 
downstream of the recharge area (1, 4 
and 6 miles) at depths (6.5, 36 and 66 ft) 
below the groundwater/ vadose zone 
interface. 



Estimating costs of groundwater recharge

• Groundwater recharge is economical for sustainable groundwater and profit. 

• Over a 25-year period groundwater recharge costs were est. to be $36/ac-ft. 

• Recharge costs using an engineered basin system has been estimated to range 
from $5−97/ac-ft., with a median cost of $51/ac-ft. 

• James Irrigation District charges consumers $88−91/ac-ft. for irrigation water 
and relies primarily on groundwater. 

• Because some captured flood flows are utilized for in lieu recharge, the costs of 
pumping groundwater are avoided. 

• Pumping groundwater is estimated to cost about $95/ac-ft but may be as high as 
$120/ac-ft. 



Estimating costs of groundwater recharge (cont.)

• When flood flows are captured but not utilized for in lieu recharge purposes, the 
cost to capture and irrigate is $131/ac-ft: the cost of recharge ($36/ac-ft) plus the 
cost of groundwater pumping ($95/ac-ft). 

• When 100% flood flows are used for in lieu recharge, the total cost decreases to 
only the cost of recharge since groundwater is not used. 

• For this project irrigation costs drop when 25% or more of the captured flood 
flows are utilized for irrigation. 

• The avoided costs form a basis for investing in and saving money with 
groundwater recharge practices. 



Benefits

• Not included in this farm-scale cost assessment are regional benefits. 
Besides slowing regional groundwater declines, these practices also 
reduce flood damage risks. 

• Large floods in 1983, 1995, and 1997 along the Kings River and the San 
Joaquin River caused $1.2 billion dollars (2012 dollars) in damages.

• A Hydrologic and Hydraulic assessment found implementing a 500 cfs
diversion to divert flood flows from the Kings River had a benefit:cost
ratio near 2 over 50 years, with $800,000 annual savings from avoided 
flood damages along the Kings and San Joaquin rivers.



Implementing recharge to full  build-out capacity (capable of 

diverting 500 CFS) in the KR irrigation district since 1980, 

would have been able to capture nearly 20% (1.47 MAF) of the 

total available surplus flood flows (7.35 MAF). 

We estimate that four equivalent projects (capable of diverting 

2,000 CFS total), would have the capacity to capture 60% (4.41 

MAF) of flood flows. 

Additional benefits



Conclusions

• Recharge quantity can be small relative to the groundwater volume 
underlying the recharge site, so the groundwater NO3

- concentration 
may remain within an acceptable level, 

• particularly for wine grapes with less residual soil nitrate.

• From an economic perspective, quicker groundwater recharge will 
result in a higher net present benefit.

• How do you incentivize groundwater recharge.

• Down stream urban areas may want to avoid flood damage

• Or do you need to?


