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Outline
• GRACE water storage monitoring
• Global land use change 
• Land use change impacts on 

groundwater in the High Plains: 
• Playas
• Rangeland
• Rainfed cropland
• Irrigated cropland



Methods
GRACE

Gravity Recovery and Climate Experiment
GRACE: March  2002 – 2017 (low solar activity)
GRACE Follow-On: 2018 

500 km above land surface controls resolution 
of GRACE data
Resolution: ~350 km, ~120,000 km2

Satellites 220 km apart

Monthly data
1 gigaton mass change = 1 km3 of water

Terrestrial water storage (TWS) change

Essential climate variable in 
Global Climate Observing System

http://grace.jpl.nasa.gov/mission/gravity-101/

Presenter Notes
Presentation Notes
Grace supposed to last five years but it lasted 15 years because of low solar activity we were very fortunate with that 
GRACE FO  higher solar activity    not sure how long it will last    Mass Change Mission  2008? 
Elevation  controls resolution     350 km  120,000 km2  basin 
Hydrologists would like 10 – 50 km   
Elevation controls lifespan partially

220 km apart  measure distance submicron scale resolution 
Aggregate data at monthly time scales to increase no. of ground tracks and reduce uncertainty

Changes in Earth’s gravity controlled by water movement because water is heavy    vertically integrated atmosphere to Moho  includes SW SM GW
TWS  essential climate variable in GCOS  

http://grace.jpl.nasa.gov/mission/gravity-101/


GRACE Total Water Storage Anomalies (04/2002 – 09/2021)

Rateb et al., 2022

Presenter Notes
Presentation Notes
Vishwakarma  ERL paper linear trends > 3 SD  persist  reliable  
Speckled  
SW US  declining   increase much of rest of US  Great Lakes 
NE Brazil declining  drought 
 Increase in much of SSA    decrease in N  MENA  




Global Land Use

Scanlon et al., WRR, 2007

Natural vegetation: no recharge
Rainfed croplands: increased recharge 
Irrigated agriculture: surface water or groundwater

High Plains
Rainfed + GW
Irrigation

Central Valley
SW & GW 
irrigation

Argentina
Rainfed
agriculture
flooding

Brazil
Agriculture
inc. recharge

W Africa
Agriculture
Inc. recharge
Ponds, salinity

Australia
Rainfed 
Agriculture
inc. recharge
dryland salinity

N China Plain
Irrigation
GW depletion

NW India
Irrig: SW 
Inc. rech
GW deplete
aquifers



Native Vegetation: 
Semiarid regions: no recharge

Impacts of Land Use on Groundwater Resources 



Native Vegetation: 
Semiarid regions: no recharge

Conversion of native vegetation to cropland
Increase GW recharge, raise water tables
Can cause dryland salinity 

Impacts of Land Use on Groundwater Resources 



Native Vegetation: 
Semiarid regions: no recharge

Conversion of native vegetation to cropland
Increase GW recharge, raise water tables
Can cause dryland salinity 

Irrigation: 
GW irrigation: deplete aquifers
SW irrigation, raise GW, salinization

Impacts of Land Use on Groundwater Resources 



GRACE Total Water Storage Trends in the U.S. (2002 – 2017)

Rateb et al., WRR, 20211 maf= 1.2 km3

Presenter Notes
Presentation Notes
We evaluated TWS trends in major aquifers throughout the US. Ashraf Rateb led this work and it was funded by NSF. 
Red declines in storage  blue rises in storage
CV  ~ 30 km3 over 15 yr   1 km3 ~ 1 maf  
18 km3 AZ  40 C+SHP  NHP inc storage  
Yellow  little change in storage  greens and blues increases in N and humid east
MISS  UCRB  Snake Idaho yellow 
Columbia  NW Inc  NB  inc  PA  Fl



McGuire and Strauch, 2024

Declines

Rises

≥200 ft
150 to 200
100 to 150
50 to 100
25 to 50
10 to 25
5 - 10

-5 to 5

5 –to 10
10 to 25
25 to 50
50 to 100

No change

~8,300 wells
Rise ~ 40 ft to decline ~ 200 ft 
Average decline: 17 ft 
Decline Texas: 44 ft

Groundwater Level Changes 
Predevelopment (< 1950) to 2019



Clay Content in High Plains Groundwater Recharge Rate (chloride)

𝑅𝑅 =
𝑃𝑃 × 𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺

Scanlon et al., PNAS, 2012

P = Precipitation
ClP: Cl in precip.
ClGW: Cl in GW



Outline
• GRACE water storage monitoring
• Global land use change 
• Land use change impacts on 

groundwater in the High Plains: 
• Playas
• Rangeland
• Rainfed cropland
• Irrigated cropland



Recharge = 
Specific Yield ∆h/∆t

Recharge Estimation from Water Level Rises in Rainfed Agriculture
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mean = 21 mm/yr
median = 23 mm/yr

Total Area 3400 km2

Sy = 0.15

3,400 km2 area
Average recharge ~ 1 inch/yr

Scanlon et al., GCB, 2005

Presenter Notes
Presentation Notes
Dawson 3400 km2    large survey in 1938  
GW level decline 10 000 km2 area  > 30 m   average 43 m  1945 - 2003
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Playa Distribution
High Plains ~ 50,000 playas

Southern High Plains: ~ 16,000 playas

Playas occupy ~2% of land surface
Have evaluated enhanced recharge
















Are playas evaporation ponds or recharge features?
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Chloride as a Qualitative Indicator of Water Movement

0 2 4
Cl (g/L)0 2

Cl (g/L)

Chloride from precipitation

Chloride in soil water
is inversely related to 
water flux

low Cl  --- high water flux

high Cl --- low water flux

Plants exclude Cl during
evapotranspiration

Scanlon and Goldsmith, 1997, WRRPlayas
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Drilling and Soil Sampling



Chloride (mg/L)
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No Recharge under Rangeland

Vegetation removes all of the water from 
the soil and leaves chloride behind.

We can estimate the age of the water based 
on the amount of chloride in the soil water 
and estimates of chloride levels in rainfall 
and rainfall amount

Rangeland

Presenter Notes
Presentation Notes
Corroborated using radioactive decay of 36Cl
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Presenter Notes
Presentation Notes
Recharge: median 24 mm/yr
5% of precipitation (450 mm/yr)
20 profiles




Chloride Profile beneath 
Rainfed Agriculture
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Quantitative Chloride Mass Balance 
(CMB)Chloride (mg/L)
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Age=𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑡𝑡 =
∫0
𝑧𝑧 θ𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑
𝑃𝑃 × 𝐶𝐶𝐶𝐶𝐶𝐶

Precipitation = 450 mm/yr
Clp = 0.3 mg/L

Rainfed Cropland

Presenter Notes
Presentation Notes
Timing of beginning of cultivation 43 to 89 yr in 10 profiles consistent with air photo and land owner records
Only feasible because piston displacement of chloride
History of the impacts of land use on subsurface water flow
Decadal scale monitoring



Irrigated Agriculture

Scanlon et al., WRR, 2010



Summary of Relation between Land Use and Recharge

• Natural ecosystems: 
• Playa focused recharge
• Long-term (≤ 10,000 yr) drying in interplaya settings

• Rainfed Agriculture
• Increased drainage/recharge
• ~ 20 ft increase in WT over 3,400 km2 area in southern 

HP = recharge rate of ~1 inch/yr
• Irrigated agriculture: increase in salts (~ 1000 – 2000 mg/L 

Cl, increase in nitrates



Water Resources Podcast (https://wrp.beg.utexas.edu/)

Youtube: https://www.youtube.com/channel/UCkx8IwI9pNzDA_KEpHyA2vw?app=desktop
Spotify: https://open.spotify.com/show/3zWl6ERJeAxpkMfnChIsW9
Apple: https://podcasts.apple.com/us/podcast/the-water-resources-podcast/id1670449955

https://wrp.beg.utexas.edu/
https://www.youtube.com/channel/UCkx8IwI9pNzDA_KEpHyA2vw?app=desktop
https://open.spotify.com/show/3zWl6ERJeAxpkMfnChIsW9
https://podcasts.apple.com/us/podcast/the-water-resources-podcast/id1670449955


Summary
• GRACE satellites: global picture of water storage changes, 

depletion mostly in irrigated areas
• Land use change has a large impact on water resources 

globally
• Native vegetation, semiarid regions, no recharge
• Rainfed agriculture: increased recharge, dryland salinity, flooding
• Irrigation impacts depend on source: GW irrigation deplete aquifers, 

SW irrigation recharge aquifers
• Need to understand impacts of land use change on water 

resources to better manage water resources



Bridget.Scanlon@beg.utexas.edu

Sponsors:

Fisher Endowed Chair 
in Geological Sciences



Water Quality: Community Water Systems (2018 – 2020)

Counties with any health-based (HB)
violation (2018 – 2020)

1 in 10 people were exposed
to a health-based violation

Modified Social Vulnerability
Index (SVI)

Socioeconomics, race & language,
demographics & housing

Causes of health-based 
violations

Health-based violations
mostly in small systems
in rural areas
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Scanlon et al., ERL, 2023

Presenter Notes
Presentation Notes
Community Water Systems with health-based violations disproportionately impact socially vulnerable communities,  
with 70% of such systems with high SVI




Landcover (NLCD)



Groundwater and Surface Water

• Groundwater (GW) and surface water (SW) are strongly linked:
• 85% of GW withdrawals sourced from SW capture and reduced ET
• Remaining 15% derived from aquifer depletion

Results based on analysis of GW level and modeling data in the US (Konikow 
et al., 2013)
Comparison of global model (PCR-GLOBWB) that includes/excludes capture 
(de Graaf et al., 2017)
Recent study Central Valley California, GW pumping, 20% from aquifer 
storage, remaining 80% from stream leakage and inefficient irrigation (Faunt 
et al., 2024).



Long-term Trends in Groundwater Storage
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STATSGO Soil Map: Clay Content



Stream Network: NHD Plus

Playas: endorheic basins
~ 23,000 plays in Texas High Plains
< 2% of land area

Playas

Presenter Notes
Presentation Notes
https://www.wired.com/2013/06/infographic-this-detailed-map-shows-every-river-in-the-united-states/
















23,000 playas Texas High Plains
2% of land area

Playas: endorheic basins, recharge

Chloride in soil water is inversely related to 
water flux
low Cl  --- high water flux
high Cl --- low water flux
Plants exclude Cl during ET

Scanlon et al., WRR, 1997

Presenter Notes
Presentation Notes
https://hpj.com/2023/11/30/texas-playa-lakes-wetland-reserve-enhancement-partnership-program/
Texas Playa Lakes Wetland Reserve Enhancement Partnership Program
Nov 30 2023
here are approximately 23,000 playas in Texas, the highest density in North America, and mostly overlay the Ogallala aquifer (see map below). Even though they cover only 2% of the region’s landscape, playas are one of the most significant ecological features of the Southern High Plains.
Ducks Unlimited, Texas Parks & Wildlife Department, and Playa Lakes Joint Venture are working with landowners to restore and conserve 700 acres of playas and adjacent upland buffers in the Texas Panhandle. Using the USDA Natural Resources Conservation Service (NRCS) Wetland Reserve Enhancement Partnership (WREP) program, playas will be enrolled in a 30-year or permanent easement.

















Impacts of Land Use Change on Water Resources





Groundwater Recharge
In a Desert Environment

The Southwestern United States

James E. Hogan, Fred M. Phillips
and Bridget R. Scanlon

Editors
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Location of Flushed and Partly 
Flushed Profiles



Causes of Differences in Recharge beneath Natural and Agricultural 
Ecosystems

• Perennial natural vegetation versus annual crops
• Cropland in southern High Plains is fallow from late November to 

early June
• Roots in perennial native vegetation are much deeper than those in 

cropland and can remove episodic deep drainage



Rainfed Agriculture

• Groundwater-level rises: mean recharge 24 mm/yr over 3,400 km2 area = 5% 
of precipitation

• UZ profiles, varying levels of flushing, log normal distribution of recharge, 
mean 33 mm/yr

• Time lag between drainage and recharge ~ 60 yr
• Under new equilibrium conditions, volumetric recharge rate would be 

increased by up to a factor of 8 relative to pre-agricultural recharge rates.
• Mobilization of salts…chloride and sulfate
• Salt mobilization would increase groundwater TDS by up to 1.7 to 2.5 times 

depending on saturated thickness.  



Sustainable Water Resources Management

• Integrate land and water resources management (Blue Revolution, Ian 
Calder)

• Decrease dependence on irrigated agriculture
• Drop sectoral divisions between irrigated and rainfed agriculture 

(Comprehensive Assessment of Water Management in Agriculture)
• Rainwater harvesting and supplemental irrigation in rainfed areas 
• Irrigation shift from semiarid to more humid settings

• Increase productivity of rainfed agriculture (more crop per drop, 
reduce evaporation, runoff, and drainage; decrease fallow periods)



Sustainable Water Resources Management
Southern High Plains

• Reduce irrigated agriculture
• Irrigated agriculture  rainfed agriculture
• Rotate rainfed agriculture with irrigated agriculture 

when groundwater levels rise near the land 
surface

• Convert natural ecosystems to rainfed agriculture
• Deep ploughing of rainfed systems to further 

increase recharge



Chloride (mg/L)
0 1000 2000 3000

D
ep

th
 (m

)

0

4

8

12

16

20

1700 yr

5800 yr

8500 yr

Chloride for Age Dating
Soil Pore Water

p

z

uz

ClP

dzCl
t

×
= ∫0θ

inputchloride
chlorideofmassAge =

P = 500 mm/yr

Clp = 0.3 mg/L

Clp from National Atmospheric

Deposition Program (NADP)

Presenter Notes
Presentation Notes
Corroborated using radioactive decay of 36Cl



Impact of Irrigation on Water Storage

NLCD, 2016; 
USGS, MODIS, 
2002, 2007, 
2012, 2017

Presenter Notes
Presentation Notes
Human intervention dominated by irrigation  
CV  Col Snake  HP  Miss
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Quantitative Chloride Mass 
Balance (CMB)Flux (mm/yr)
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Age=𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑡𝑡 =
∫0
𝑧𝑧 θ𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢𝑑𝑑𝑑𝑑
𝑃𝑃 × 𝐶𝐶𝐶𝐶𝐶𝐶

Rainfed Cropland

Presenter Notes
Presentation Notes
Drainage  19 profiles median 24 mm/yr  5% of precipitation



Relationship between Drought and 
Total Water Storage Variability

R=0.91

R=0.73

R=0.50

R=0.66

Presenter Notes
Presentation Notes
NHP  R = 0.73  
C + SHP  R lower  rech 1000 yr ago  monotonic reduction in storage amplified during drought  
Miss  R – 0.66  humid region  droughts much less intense  than in W US 
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