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I.  Importance 



Groundwater  

-An essential resource, especially where surface water supplies are limited 
-Many cities, rural communities and agriculture rely on groundwater  
-Groundwater can have a higher storage capacity than surface water 

Groundwater is a critical backstop during drought	



CA	
  Department	
  of	
  Water	
  Resources	
  (DWR)	
  



AND	
  Drought	
  Affects	
  Groundwater	
  

Folsom Lake, California, 2014 Photo John Chacon /  
CA Department of Water Resources 

Less	
  PrecipitaPon	
  	
  

Groundwater	
  storage	
  reduced	
  

Surface	
  water	
  shortages	
   Increased	
  groundwater	
  pumping	
  



AND	
  even	
  during	
  non-­‐drought	
  years….	
  
ExtracPon	
  rates	
  oWen	
  exceed	
  natural	
  recharge	
  rates	
  	
  

Groundwater	
  storage	
  reduced	
  



 TAKE HOME 
Increased pumping during drought 

Insufficient recharge during normal or rainy periods 

Long-term groundwater level declines 
Groundwater	
  deplePon	
  is	
  already	
  extensive	
  in	
  many	
  parts	
  of	
  the	
  world	
  &	
  coming	
  under	
  

increasing	
  strain	
  as	
  the	
  result	
  of	
  intensive	
  agriculture,	
  urban	
  development	
  &	
  climate	
  change	
  	
  

USGS data, Claudia Faunt. Satellite 
data,  NASA and the National Center for 

Atmospheric Research.  
Posted by Jay Famiglietti , UC, Irvine in 

Water Currents, 2014 



Water in the aquifers continues to be the most 
effective strategic weapon against drought. 

ACE – Lessons Learned From the 
California Drought (1987-1992) 

The Conundrum 



AND	
  
Climate	
  scienPsts	
  predict	
  more	
  extreme	
  drought	
  events	
  and	
  higher	
  

temperatures	
  by	
  the	
  end	
  of	
  the	
  21st	
  century	
  	
  

ImpacPng	
  

Groundwater	
  
storage	
  

CommuniPes	
  that	
  
depend	
  on	
  groundwater	
  



AND	
  
Climate	
  scienPsts	
  predict	
  more	
  extreme	
  drought	
  events	
  and	
  higher	
  

temperatures	
  by	
  the	
  end	
  of	
  the	
  21st	
  century	
  	
  

ImpacPng	
  

Groundwater	
  
storage	
  

CommuniPes	
  that	
  
depend	
  on	
  groundwater	
  

	
  Studies	
  on	
  the	
  impacts	
  of	
  drought	
  and	
  climate	
  change	
  on	
  
groundwater	
  are	
  limited	
  compared	
  to	
  surface	
  water	
  	
  

EvaluaPng	
  long-­‐term	
  relaPonships	
  between	
  
drought	
  and	
  groundwater	
  is	
  crucial	
  to	
  
generate	
  effecPve	
  strategies	
  to	
  miPgate	
  

future	
  negaPve	
  impacts	
  	
  



II. Our Approach 



Interdisciplinary	
  Research	
  





Periodic	
  Droughts:	
  1850-­‐2000	
  

California	
  is	
  an	
  ideal	
  case	
  study	
  

Significant	
  land	
  use	
  diversity,	
  demographics	
  &	
  
water	
  management	
  approaches	
  

Modified from the National Atlas	





Periodic	
  Droughts:	
  1850-­‐2000	
  

Groundwater	
  Use	
  is	
  Extensive,	
  	
  
par:cularly	
  in	
  dry	
  years	
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Periodic	
  Droughts:	
  1850-­‐2000	
  

Characterized	
  by	
  periodic	
  and	
  mulP-­‐year	
  droughts	
  

Groundwater	
  Use	
  is	
  Extensive,	
  	
  
par:cularly	
  in	
  dry	
  years	
  

Wet	
  Year	
  
~20%	
  

Dry	
  Year	
  
40+%	
  LAO 2010 
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  is	
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  case	
  study	
  

Significant	
  land	
  use	
  diversity,	
  demographics	
  &	
  
water	
  management	
  approaches	
  



III. Physical Science  



Droughts are 
driven by 

anomalies in  
precipitation and 

temperature 	



High	
  confidence	
  that	
  extreme	
  
temperatures	
  in	
  the	
  U.S.	
  are	
  

projected	
  to	
  increase	
  more	
  than	
  
the	
  averages	
  (Vose	
  etl	
  al.	
  (2017)	
  

Polar	
  bear	
  along	
  the	
  coast	
  of	
  Hudson	
  
Bay	
  near	
  Churchill,	
  Manitoba,	
  2012	
  
Photo:	
  A.E.	
  Derocher-­‐	
  Univ.	
  Alberta	
  

“teleconnecPons”	
  
	
  global	
  processes	
  like	
  arcPc	
  sea	
  ice	
  loss,	
  sea-­‐surface	
  temperature	
  warming,	
  

and	
  atmospheric	
  warming	
  impact	
  local	
  weather	
  pacerns	
  

Drought 	





Categories	
  and	
  InteracPons	
  	
  
(adapted	
  from	
  Van	
  Loon	
  2015;	
  USGS	
  2017)	
  

Drought 	



No	
  menPon	
  of	
  groundwater	
  
droughts,	
  but	
  while	
  less	
  visible,	
  
they	
  are	
  a	
  “very	
  severe	
  	
  hazard”	
  

Groundwater	
  droughts	
  are	
  	
  
understudied,	
  less	
  	
  modeling,	
  	
  
less	
  indexing	
  



Drought Indices 

Drought Modeling 

Drought 
Modeling 

Spatio-
temporal 
drought 
analysis 

Climate 
change 

impacts on 
drought 

Land data 
assimilation 

systems 

Drought 
management 

Drought 
forecasting 

Probabilities 
characterization 

of droughts 

(From	
  Mishra	
  and	
  Singh	
  2011)	
  

(droughtmonitor.unl.edu/)	
  



But - Groundwater Recharge is 
parPally	
  controlled	
  by	
  local	
  climate	
  	
  

Insufficient Recharge results in groundwater impacts  

Subsidence	
  

Seawater	
  intrusion	
  

Drought in California 

	
  	
  	
  More	
  reliance	
  on	
  groundwater	
  during	
  drought	
  

Diagram:SCWD2	
  

Credit:	
  Dick	
  Ireland,	
  USGS	
  



IV. Social Sciences 



Drought Governance 

Difficult	
  to	
  establish	
  a	
  governance	
  framework	
  
Drought’s effects accumulate slowly over a considerable period of time, and 

may also linger for years after it is over 	



• 	
  Data	
  and	
  informaPon	
  gathering;	
  

• 	
  Risk	
  analysis	
  and	
  evaluaPon;	
  
• 	
  Appraisal	
  of	
  opPons;	
  	
  
• 	
  Making,	
  implemenPng,	
  and	
  	
  	
  
reviewing	
  decisions	
  to	
  reduce,	
  
control,	
  accept,	
  or	
  redistribute	
  
drought	
  risks	
  	
  

Strategic	
  Drought	
  
Risk	
  Management	
  

(SDRM)	
  	
  
Goal	
  	
  

To	
  plan	
  for,	
  
respond	
  to	
  and	
  
recover	
  from	
  

drought	
  



Groundwater Governance 

Common	
  Pool	
  Resource	
  
Multiple entities can withdraw groundwater 
from a basin. Exploitation by one user can 
reduce the quantity or quality available to 

others. Unlimited use by all can exceed the 
upper limits of the resource. 	
  

Governing common pool 
resources is challenging 

While	
  parPcipatory	
  decentralized	
  management	
  can	
  be	
  
effecPve,	
  a	
  combinaPon	
  of	
  local	
  authority	
  with	
  the	
  support	
  of	
  a	
  

state	
  or	
  naPonal	
  government	
  is	
  posited	
  to	
  facilitate	
  good	
  
groundwater	
  management	
  

USDA	
  Forest	
  Service	
  



Decision Making and Equity 

2012	
  -­‐	
  	
  California	
  adopts	
  a	
  Human	
  Right	
  to	
  Water	
  	
  
“every	
  human	
  being	
  has	
  the	
  right	
  to	
  safe,	
  clean,	
  affordable	
  and	
  accessible	
  water	
  

adequate	
  for	
  human	
  consump>on,	
  cooking	
  &	
  sanitary	
  purposes”	
  (AB	
  685).	
  	
  

Imposes	
  on	
  state	
  agencies	
  a	
  duty	
  to	
  consider	
  HRTW	
  	
  
as	
  they	
  establish	
  policies	
  and	
  regulaPons	
  	
  

Equity	
  Framework	
  	
  
*Distribu:ve	
  equity	
  	
  -­‐	
  the	
  distribuPon	
  of	
  the	
  resource	
  and	
  its	
  benefits;	
  	
  
*Procedural	
  equity	
  -­‐	
  decision-­‐	
  making	
  processes	
  and	
  procedures;	
  	
  
*Contextual	
  equity	
  -­‐	
  pre-­‐exisPng	
  condiPons	
  and	
  power	
  relaPons	
  



Local Agencies - Districts:  
Some districts could fix and collect fees, regulate extraction & overdraft 

City and County Ordinances:  
Cities and counties may adopt ordinances to manage groundwater 

The Courts: 
Adjudicated Basins 

Groundwater Governance in California - pre-2014 

USGS data, Claudia Faunt. Satellite 
data,  NASA and the National Center for 

Atmospheric Research.  
Posted by Jay Famiglietti , UC, Irvine in 

Water Currents, 2014 

A long-term decline in groundwater levels  



GSAs must adopt plans to manage groundwater  
“without causing undesirable results” 

- Chronic lowering of groundwater levels 

- Significant and unreasonable: 
Reduction in storage 
Saltwater intrusion 

 Degraded water quality 
Subsidence 

 Reduced flows in surface streams 

But No Incentives to Establish Pro-Active 
Strategies to Reduce Drought Vulnerability 

2014  
Sustainable Groundwater 

Management Act	





V. Law and Policy 



Drought 	



Legal Frameworks 

Since	
  1980s-­‐global	
  convenPons	
  to	
  address	
  climate	
  
change	
  and	
  drought	
  

These	
  are	
  weak	
  and	
  generally	
  reacPve	
  
In	
  US	
  responses	
  are	
  primarily	
  state	
  and	
  	
  local	
  

Groundwater 	


In	
  contrast,	
  groundwater	
  law	
  developed	
  over	
  centuries	
  
through	
  customary	
  rules	
  insPtuPonalized	
  in	
  legal	
  systems	
  	
  
In	
  the	
  US	
  responses	
  are	
  also	
  primarily	
  state	
  and	
  local	
  



Drought – Policy Strategies 
“...the	
  worst	
  Pme	
  to	
  respond	
  to	
  a	
  drought	
  is	
  in	
  the	
  midst	
  of	
  one.	
  At	
  that	
  point,	
  
there	
  are	
  few,	
  if	
  any,	
  good	
  opPons	
  available	
  to	
  avoid	
  the	
  worst	
  impacts	
  of	
  drought,	
  
and	
  combined	
  with	
  inflamed	
  passions	
  and	
  poliPcs,	
  reaching	
  consensus	
  on	
  soluPons	
  
is	
  nearly	
  impossible….”	
  (The Nature Conservancy and others, open letter to US Senate, 5 Oct. 2015	



Vulnerability	
  	
  
and	
  Impact	
  
Assessment	
  

Monitoring	
  
and	
  Early	
  
Warning	
  
Systems	
  

Mitigation	
  
and	
  Response	
  



Overlying Landowners 

Correlative Rights/Reasonable Use 
Each overlying property owner has  
common right to the reasonable,  
beneficial use of a basin’s supply 

Place of Use Restrictions 

Municipalities  

Generally have appropriative rights  
to groundwater for their customers 

Exporters 

First in Time, First in Right 
Reasonable Use 

The law frames how groundwater is allocated  



Groundwater	
  –	
  Policy	
  Strategies	
  



VI. Interdisciplinary 
Relationships between 

Groundwater, Drought & 
Climate Change 



Lake	
  Oroville,	
  CA	
  

2011	
  	
  	
  	
   	
   	
  	
  	
  	
  	
  	
  	
  2014	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Feb	
  2017	
  

Physical Science Relationships 

Photos: CA Department of Water Resources	





• Limited	
  links	
  between	
  
between	
  physical	
  and	
  
social	
  science	
  research	
  

• Limited	
  links	
  within	
  
social	
  science	
  research	
  
between	
  groundwater	
  
and	
  drought	
  

• DisproporPonate	
  
impacts	
  of	
  drought	
  and	
  
groundwater	
  deplePon	
  	
  

• ExisPng	
  dispariPes	
  
frequently	
  exacerbated	
  

Social Science Relationships 



Law and Policy Relationships 

Recharge and Water Rights 

Recharge	
  =	
  type	
  of	
  storage,	
  not	
  a	
  beneficial	
  use	
  

	
  Capturing	
  and	
  storage	
  water	
  in	
  a	
  groundwater	
  basin	
  for	
  
use	
  later,	
  requires	
  a	
  water	
  right	
  permit	
  

Special	
  SituaPons	
  
•  Projects	
  covered	
  by	
  an	
  exisPng	
  water	
  right	
  
•  Projects	
  using	
  recycled	
  water	
  
•  Projects	
  designed	
  solely	
  for	
  flood	
  control	
  



VII. Knowledge Gaps 



Physical	
  Science	
  Knowledge	
  Gaps	
  

 Mismatch	
  between	
  global/regional	
  scale	
  
climate	
  models	
  and	
  small-­‐medium	
  scaled	
  
hydrologic	
  processes	
  

 How	
  teleconnected	
  processes	
  drive	
  California’s	
  
warming	
  

 Uncertainty	
  in	
  climate	
  change	
  impacts	
  



Social	
  Science	
  Knowledge	
  Gaps	
  
 Limited	
  drought	
  frameworks	
  and	
  integraPon	
  
into	
  groundwater	
  policies	
  

 Insufficient	
  groundwater	
  governance	
  analyses	
  	
  



Law	
  and	
  Policy	
  Knowledge	
  Gaps	
  

 Insufficient	
  groundwater	
  data	
  for	
  craWing	
  
groundwater	
  policy,	
  including	
  recharge	
  

 Insufficient	
  informaPon	
  about	
  proacPve	
  
processes,	
  in	
  contrast	
  to	
  reacPve	
  

 Unknown	
  effecPveness	
  of	
  past	
  laws,	
  policies	
  
and	
  management	
  approaches	
  to	
  reduce	
  
groundwater	
  vulnerability	
  to	
  drought	
  



Interdisciplinary	
  Knowledge	
  Gaps	
  

 AccounPng	
  for	
  integraPon	
  of	
  mulPple	
  climaPc/	
  
drought	
  interacPons,	
  human	
  uses,	
  and	
  law	
  and	
  
governance	
  regimes	
  

 Understanding	
  of	
  considerable	
  uncertainPes	
  
throughout	
  every	
  discipline	
  	
  



QuesPons?	
  

Thank you! 
Dr.	
  Ruth	
  Langridge:	
  rlangrid@ucsc.edu	
  

Amanda	
  Fencl:	
  alfencl@ucdavis.edu	
  

Ul:mately,	
  ac:ons	
  taken	
  in	
  response	
  to	
  lessons	
  
learned	
  through	
  interdisciplinary	
  research	
  have	
  
the	
  poten:al	
  to	
  reduce	
  the	
  nega:ve	
  impacts	
  to	
  
groundwater	
  from	
  drought	
  and	
  climate	
  change—

both	
  by	
  increasing	
  our	
  understanding	
  of	
  the	
  
relevant	
  geophysical	
  and	
  social	
  risks	
  and	
  

knowledge	
  gaps,	
  and	
  
by	
  opPmizing	
  groundwater	
  management	
  strategies	
  
that	
  increase	
  resilience	
  to	
  future	
  droughts	
  and	
  a	
  

changing	
  climate.	




