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Preface 
 

 
 
 
 
 
This report is a product of the Committee on Hydrologic Science (COHS), which was established in 

the NRC in late 1998.  The committee exists for two separate but related purposes.  These are:  
 

(1) to advance hydrologic science through the identification of research and educational opportunities 
in hydrologic sciences, including data aspects, and 

(2) to provide advice to U.S. government agencies and interagency efforts on program strategy with 
respect to hydrologic content and research priorities,  and to advise on U.S. involvement in international pro-
grams such as the World Climate Research Program (WCRP) and the International Geosphere-Biosphere Pro-
gram (IGBP). 
 

In its relatively short history, the COHS has published three reports.  The first was Hydrologic Science 
Priorities for the U.S. Global Change Research Program: An Initial Assessment (NRC, 1999).  The second 
report, Report of a Workshop on Predictability and Limits-to-Prediction in Hydrologic Systems (NRC, 2002a), 
was based on a workshop on this topic held in September 2000 in Boulder, CO. The third report, Review of 
USGCRP Plan for a New Science Initiative on the Global Water Cycle (NRC, 2002b), was a fast-track review 
of a report commissioned by the USGCRP.   
 This report, like the Predictability report, was based on a workshop.  This workshop, titled “Ground-
water Fluxes Across Interfaces,” was organized and convened by COHS members Mary P. Anderson and John 
L. Wilson, and was held in Egg Harbor, WI on May 12-14, 2002.  The participants were asked to provide writ-
ten material prior to meeting and to present brief prepared oral statements during the workshop.  They were 
asked to examine and assess currently used and proposed new methods to estimate recharge and discharge 
rates to identify methods that hold the most promise for addressing three general issues related to groundwater 
fluxes.  These were: diffuse vs. focused fluxes, climate feedback functions, and spatial and temporal scales.  
The participants were divided into three subgroups and as a starting point for discussion, were asked to con-
sider the following issues and associated questions.  Participants, however, were encouraged to redefine issues 
and develop new questions as the workshop progressed. 
 
 
Subgroup on Diffuse and Focused Recharge/Discharge  
 

• What is the relative importance of diffuse versus focused recharge/discharge in any specific hy-
drogeologic setting? 
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• Is fresh groundwater discharge a significant source of fresh water recycling to estuaries and the 
oceans? 

• What is the role of landscape vegetation cover (including phreatophytes) on spatial and temporal 
groundwater recharge/discharge patterns? 

• What are the landscape indicators and bio-indicators of groundwater recharge/-discharge? 
• What are the effects of human activities on spatial and temporal groundwater recharge/discharge 

patterns? 
 
Subgroup on Climate Feedback Functions 
 

• Are fluxes to and from groundwater reservoirs important components of continental and global 
water balances? 

• Do groundwater recharge and discharge processes provide feedback mechanisms that affect cli-
mate? 

• How do spatial patterns of groundwater recharge/discharge change seasonally/-annually? 
• What are the important time scales for groundwater reservoirs affecting continental and global 

water balances, and how are they controlled by fluxes and storage? 
• What is the magnitude of the effect of fluctuations of sea level and levels of large lakes (e.g., the 

Great Lakes) on groundwater recharge/discharge? 
 
Subgroup on Spatial and Temporal Scales  
 

• How do estimates of groundwater recharge/discharge aggregate when averaged over different 
scales and what implications does this have for measurement scale? 

• At the scale of a representative elementary volume, does groundwater recharge/discharge occur 
along preferential pathways?  If so, when is it important to measure fluxes  at this scale? 

• How accurately can recharge/discharge patterns/rates be mapped over the contiguous U.S., and 
how does uncertainty in these patterns/rates vary with spatial and temporal scale and geographic location?  
 

In addressing the three broad sets of issues outlined above, the group was also asked to consider the 
following questions: 
 

1. What are the most promising techniques for measuring/estimating groundwater recharge?  What 
are the most promising techniques for measuring/estimating groundwater discharge?  What are the potential 
errors associated with applying these techniques at various spatial scales (i.e., is it possible to extrapolate point 
measurements of groundwater flux in order to obtain accurate estimates over broad geographical areas?) 

2. What sorts of monitoring networks, instrumentation, and analyses are required to produce maps of 
seasonal recharge and discharge? 

3. What scales of measurement and measurement techniques are most appropriate for assessing bio-
geochemical processes occurring within the groundwater-surface water interface and the effects of groundwa-
ter discharge on ecosystems?   
 
 The agenda for the workshop is in Appendix A.  The hydrogeology of the Door Peninsula region of 
Wisconsin, based on a workshop presentation by Kenneth R. Bradbury of the Wisconsin Geological and Natu-
ral History Survey, is summarized in Appendix B. 
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 Following the formal presentations, participants engaged in group discussions and group writing ses-
sions.  The written material provided by the participants formed the nexus of the first draft of this report.  Some 
participants also contributed written materials at a later time.  
 We trust that this report will be useful to scientists and managers who work in groundwater, surface 
water, and land surface hydrology, as well as others interested in the cycling of water and its dissolved con-
stituents.  
 
 

Eric F. Wood, Chair 
Committee on Hydrologic Science 

 
Mary P. Anderson and John L. Wilson, co-chairs 

Workshop on Groundwater Fluxes Across Interfaces 
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Executive Summary 
 

 
 
 

 
 

Atmospheric, surface and subsurface portions of the hydrologic system are three dynamically linked 
water reservoirs having distinctly different time and space scales.  Many challenges remain in understanding 
and measuring the dynamic interchange among these reservoirs, especially for interchanges with the subsur-
face.  Most subsurface storage of water is in the groundwater reservoir, with a small amount of water stored 
as soil moisture in the overlying unsaturated zone.   

Fluxes to and from the groundwater zone are called, respectively, recharge and discharge.  Natural 
groundwater recharge has several origins.  The most important of these are the flux of water across the water 
table from precipitation that percolates through the unsaturated zone,  and the influx of water from a bound-
ing or overlying surface water body including rivers, lakes, wetlands and the ocean.  Natural groundwater 
discharge is the efflux of water from the groundwater reservoir to surface water, or to the land surface itself 
where, for example, it may return to the atmosphere through evaporation and transpiration.   
 
 

PROBLEM DEFINITION AND MOTIVATION 
 

Much attention has been given to both the theory and measurement of groundwater fluxes to and 
from surface water bodies, yet there are still many difficulties in obtaining accurate estimates of the spatial 
and temporal distribution of these fluxes, including fluxes to and from rivers and streams, reservoirs and 
lakes, wetlands, and the ocean.  Similarly, there are no standard procedures for measuring recharge to the 
groundwater system from precipitation. 

The problems in measurement arise in part because of the diffuse nature and spatially large extent of 
most groundwater discharge and recharge areas.  Challenges in addressing issues related to groundwater 
fluxes also arise because researchers are based in many different disciplines including soil science, hydrol-
ogy, oceanography, geochemistry, geophysics, and wetland ecology. 

Estimates of recharge/discharge fluxes are needed at many different scales and for many different 
purposes, including evaluating local risks of landslides, basin-scale sustainable use and management of 
groundwater resources, management of nuclear waste, and global budgets of water and greenhouse gasses 
for climate studies.  Various scientific committees and federal agencies have identified groundwater fluxes 
at interfaces as a priority area for research.  To respond to this need, the Committee on Hydrologic Science 
(COHS) convened a workshop on groundwater fluxes across interfaces in Egg Harbor, Wisconsin, in May 
2002.  Among other tasks, the participants were asked to assess the state of knowledge and science needs 
concerning three general issues related to groundwater fluxes: diffuse vs. focused recharge/discharge fluxes, 
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climate feedback functions, and spatial and temporal scales.  The outcome of the workshop formed the frame-
work for this report.   
 
 

STATEMENT OF TASK 
 

The purpose of this report is to call attention to the importance of groundwater fluxes, to explore the 
potential of new technologies to measure or estimate these fluxes, and to identify research gaps and the po-
tential for interdisciplinary collaboration.  The report is not meant to be a comprehensive analysis of all is-
sues related to groundwater fluxes but instead focuses on the following questions, drawn from a broader set 
of issues (see preface) that workshop participants were asked to consider: 
 

1. Diffuse vs. focused recharge and discharge 
 

• What is the relative importance of diffuse versus focused recharge/discharge in various hydro-
geologic settings? 

• Is fresh groundwater discharge a significant source of fresh water recycling to estuaries and the 
oceans? 
 

2. Interactions of groundwater with climate  
 

• Do groundwater recharge and discharge processes provide feedback mechanisms that affect 
climate? 

• What are the important time scales for groundwater reservoirs affecting continental and global 
water balances, and how are they controlled by fluxes and storage? 

• What is the magnitude of the effect of fluctuations of sea level and levels of large lakes (e.g., 
the Great Lakes) on groundwater recharge/discharge? 

 
3. Spatial and temporal scales of recharge and discharge  

 
• How do estimates of groundwater recharge/discharge aggregate when averaged over different 

scales and what implications does this have for measurement scale? 
• How accurately can recharge/discharge patterns/rates be estimated at a regional or national 

scale, and how might uncertainty in these patterns/rates vary with spatial and temporal scale and geographic 
location?  
 
 

FINDINGS AND RECOMMENDATIONS 
 
Finding 1 

 
Our ability to quantify spatial and temporal variability in recharge and discharge is inadequate and 

must be improved given the importance of groundwater in the hydrologic cycle, the contribution of ground-
water to base flow in streams and inflow to lakes, and society’s reliance upon groundwater for water supply.  
Moreover, the spatial distribution of recharge fluxes influences the vulnerability of aquifers to contamination 
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and the discharge of groundwater into wetlands influences associated ecological and biogeochemical proc-
esses. 

A key science question is how landscape heterogeneity controls spatial and temporal variability of 
recharge and discharge.  Addressing this question will require consideration of the geology, biology and cli-
mate including variability in soils, topography and vegetation.  There are no uniformly applicable methods 
for measuring and quantifying recharge/discharge fluxes in space and time, so our understanding of distribu-
tion and process is limited.   

 
Recommendation 1-1 

 
Experimental benchmark sites should be established with the goal of improving both measurement 

techniques and the understanding of the processes of groundwater recharge and discharge.  These sites 
should include a wide range of geologic, climatic and landscape types and should be integrated with existing 
NSF, USDA/ARS and similar experimental watersheds.  The proposed experimental benchmark sites pro-
gram should also work cooperatively with field programs connected with large-scale hydroclimatic stud-
ies—for example, the WCRP Global Energy and Water Experiment (GEWEX) and with studies conducted 
under the NSF-supported CUAHSI (Consortium of Universities for the Advancement of Hydrologic Sci-
ence, Inc.) initiative.   

 
Recommendation 1-2 
  

A study/workshop should be initiated with the goal of developing scientific and implementation 
plans for such experimental benchmark sites, perhaps as part of CUAHSI.  Such an activity would deter-
mine which sites would be most valuable to improving the science of groundwater discharge and research, 
the relevant science questions specific to particular sites, the range of measurement and modeling that would 
be undertaken and an evaluation of the historical data available for designing experiments.  
 
Finding 2 
 

The roles of groundwater storage, and recharge and discharge fluxes in the climate system are un-
der-appreciated and poorly understood.  Because groundwater is the largest reservoir of fresh water in the 
hydrologic cycle, characterization of the linkage between groundwater and climate is crucial.   

Groundwater plays an important role in the carbon cycle and related subsurface biogeochemical 
processes, and therefore the variability and fluctuation in groundwater levels can influence climate.  For ex-
ample, the net accumulation (or depletion) of peat (and the sequestration or release of its stored carbon) de-
pends on the depth to the water table, and whether peat is under aerobic or anaerobic conditions.  Climate 
change may cause changes in the temporal and spatial distributions of groundwater recharge and discharge 
and, therefore, availability of the groundwater resource.  Better understanding of the linkage between 
groundwater resources and paleoclimatic conditions would be helpful in understanding past climate and its 
variability and would supplement information provided by study of tree rings and ice cores.  

 
Recommendation 2-1 

 
Research should address the relationship between long-term fluctuations in groundwater levels in 

aquifers at a regional scale and climatic variability.  Such efforts would include the preservation and study of 
historical data on groundwater levels, and related hydrologic data such as streamflow records and lake lev-
els, in areas unaffected by direct human influence.  These efforts should include a broad range of techniques 
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including paleoclimatic research such as reconstruction of paleolake levels and isotope geochemistry of old 
groundwater to provide insights into climatic variables such as paleo-temperature.  

 
Recommendation 2-2 
 

Research is needed to allow for better representation of groundwater processes in climate models, 
including more realistic storage parameters, landscape partitioning into recharge and discharge areas, 
groundwater uptake by vegetation, and fluxes to wetlands, lakes and streams.  Data from the benchmark 
sites discussed under Recommendation 1-1 above could be utilized to test the improved parameterizations.  
 
Recommendation 2-3 

 
A better understanding of the effects of human use of groundwater for water supply on climate is 

needed.  This would require comprehensive tabulation of regional, continental and global groundwater 
withdrawals and the extent of the area of wetlands drained during the past century accompanied by evalua-
tion of the effects of the withdrawals and drainage on climate 

 
Finding 3 

 
Groundwater measurements are needed across a range of temporal and spatial scales; measurements 

at one scale are often needed to address questions at another scale.  For example, remote sensing techniques 
provide extensive, spatially complete data sets that hold promise for addressing many of the unresolved 
questions identified in this report.  However, these data often provide information at large regional scales, 
like the information soon to be available from the NASA-supported micro-gravity mission GRACE (Gravity 
Recovery and Climate Experiment), and must be integrated with information generated at smaller scales. 
This will require an understanding on how groundwater processes scale spatially and temporally.  But it is 
unclear how the variability measured at small scales will change as we move up in scale, and whether there 
are thresholds of continuity or uniformity that correlate with practical scales of measurements.  

 
Recommendation 3-1 

 
A broad and coherent strategy for the observation of groundwater recharge and discharge across 

scales is needed.  This would involve the development of sensors that measure recharge and discharge at 
“point” scales, research to increase our understanding of the scaling of these measurements and underlying 
processes, the development of procedures for integrating measurements and observations across scales, and 
generation of mathematical tools to assimilate and synthesize observations at all scales into groundwater 
process models.  Such a strategy could initially be tested on both the benchmark sites (Recommendation 1-
1) and on aquifers of regional extent.  

It is hoped that this report will lead to progress in understanding the spatial and temporal variability 
in diffuse and focused groundwater recharge and discharge, the interaction of groundwater with the climate 
system, and the spatial and temporal scales of recharge and discharge fluxes.  Improved understanding is 
needed for sustainable utilization of groundwater resources, ecologically sound management of wetlands, 
lakes and watersheds, and to understand, predict and cope with the effects of potential climate change. 
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1 
Introduction 

 
 
 
 
 

Atmospheric, surface and subsurface portions of the hydrologic system (Figure 1-1) are three dynami-
cally linked water reservoirs having distinctly different time and space scales.  The challenge is in understand-
ing and measuring the dynamic interchange among these reservoirs, especially for interchanges with the sub-
surface.  Most subsurface storage of water is in the groundwater reservoir, with a small amount of storage as 
soil moisture in the overlying unsaturated zone (see Basic Concepts Related to Groundwater Recharge/Dis-
charge).  While soil moisture is directly connected to the atmosphere and is an important storage reservoir for 
the energy associated with water (latent heat), simply because of its ease of exchange with the atmosphere, 
groundwater is the far more important storage reservoir for the water mass itself.  

Fluxes to and from groundwater are called, respectively, recharge and discharge.  Natural groundwater 
recharge has several origins.  The most important of these are the flux of water across the water table from pre-
cipitation that percolates through the unsaturated zone, and the influx of water from a bounding or overlying 
surface water bodies including rivers, lakes, wetlands and the ocean.  Natural groundwater discharge is the 
efflux of water from the groundwater reservoir to surface water, or to the land surface itself where, for exam-
ple, it may return to the atmosphere through evaporation and transpiration.  Natural recharge and discharge 
zones develop in response to the regional climatic and local topographic, hydrogeologic and biospheric condi-
tions.  Important anthropogenic sources of recharge and discharge include agricultural irrigation and drainage, 
respectively, infiltration basins and recharge/injection and pumping (e.g., water supply) wells.  

The various recharge and discharge fluxes can be measured or estimated at a wide range of temporal 
and spatial scales.  Uncertainties in the measurement methods and the related understanding in the process, and 
disparities in measurement and modeling scales, prevent adequate closure of the transient water balance at the 
spatial and temporal scales of interest to scientists, engineers, and decision makers.  For example, in situ point 
measurements are representative of the point value of a flux but are inadequate for mapping larger regions of 
interest to planners, while regional chemical tracers and modeling techniques can provide estimates representa-
tive of larger areas but these are difficult to relate to local conditions at water supply and aquifer remediation 
sites.  The challenge to closing the groundwater balance, and to estimating groundwater fluxes to or from other 
water reservoirs, is to integrate flux measurement and estimation techniques at multiple scales, with multiple 
types of data.  These estimates would make effective use of models to map recharge and discharge fluxes over 
a wide range of spatial and temporal scales. 

Estimates of recharge/discharge fluxes are needed at many different spatial scales in water budget 
studies of natural hydrologic systems, and in studies of systems impacted by agriculture, water supply, or con- 
tamination.  Estimation and understanding of recharge and discharge rates are of importance when evaluating 
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FIGURE 1-1  Global water reservoirs.  Arrows show the interchange between reservoirs.  The arrows connecting the satu-
rated zone to the other reservoirs represent groundwater recharge and discharge and are the subject of this report.  
SOURCE: Guido Salvucci, Boston University, written communication, May 2002. 
 
 
the effects of plans for sustainable use and management of groundwater resources since these rates, and how 
they respond to change dynamically affect surface water levels and ecosystems.  At a regional scale, the 
amounts of total annual average groundwater recharge and discharge are important components of the water 
budget used for in decisions about basin management.  At a smaller spatial scale information on groundwater 
fluxes is used in addressing local water supply issues and groundwater contamination problems.  Groundwater 
discharge is a major component of surface water generation in headwater streams, and is responsible for 
stream baseflow.  It plays a role in mass wasting (landslides) and in fluvial geomorphology (e.g., groundwater 
sapping).  Groundwater fluxes affect the chemistry, biology, and ecology of the subsurface, in both the satu-
rated and unsaturated zones, and in bounding surface waters.  Basin scale biogeochemical cycles are influ-
enced by recharge/discharge patterns and the physiology of vegetation is strongly linked to recharge/discharge 
zones.  Discharge of groundwater to surface water bodies, including wetlands, carries nutrients important to 
biological communities.  Recent work at the groundwater-stream interface (hyporheic zone) and at the 
groundwater/lake and wetland interfaces (hypolentic zone) has demonstrated that most of the chemical trans-
formation during flow exchanged between surface water and groundwater occurs within a few inches of the 
interface between reservoirs.  Improved measurements and estimates of groundwater fluxes and associated 
biogeochemical processes within these interfaces are needed.  Of particular interest are processes involving 
pathogens and nutrients such as nitrogen.  Thus, process understanding and accurate estimates of groundwater 
recharge and discharge play a role in groundwater sustainability, geomorphology, biogeochemistry and the 
health of ecosystems.  Despite the importance to water and chemical cycles, to ecosystems, and to water re-
ources management, there are no universally applicable methods or established networks to measure recharge 
and discharge rates, and only limited understanding of recharge and discharge processes.   

Limited understanding and difficulties with measurements arise in part because of the distributed na-
ture and spatially large extent of most groundwater recharge and discharge areas, as well as the many different 
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environments where these fluxes occur, ranging from the ocean floor to mountain headwater streams.  While 
there are instruments designed to make direct point measurements (see Table 1-1) of infiltration or recharge 
(e.g., infiltrometers, lysimeters) and discharge (e.g., seepage meters), in most cases these measurements 
methods have uncharacterized uncertainties, and it is not clear whether or how the measurements might be 
extrapolated to larger areas.  Indirect methods of estimating fluxes (e.g., using head measurements and Darcy’s 
law; analysis of water-level fluctuations, ground-based gravimetry, temperature profiles, electromagnetic 
methods, and isotopes and solutes dissolved in groundwater) also suffer from the similar limitations and from 
non-uniqueness (Table 1-2), as do integrated estimates of flux (e.g., baseflow estimates used to approximate 
groundwater discharge to rivers, water balance methods and model calibration to estimate recharge). 

In summary, fluxes at groundwater interfaces interest hydrologists as well as researchers in related 
sciences (Figure 1-2).  While both the theory and measurement of groundwater fluxes at interfaces has 
received some attention, there are still significant gaps in process understanding, and many difficulties in 
obtaining accurate estimates of the spatial and temporal distribution of these fluxes, including fluxes to and 
from rivers and streams, reservoirs and lakes, wetlands, and the ocean.  Similarly, there are no standard 
procedures for measuring recharge to the groundwater system from precipitation or other sources. 
Need for new work on these issues is widely recognized. Internationally, the World Water Council’s World 
Water Vision initiative has singled out closer investigation of processes at hydrologic interfaces, including 
understanding surface-subsurface water interactions, as important to achieving its goal of developing a vision 
for water management in 2025 (Hartmann et al., 2000).  The Hydrogeology Program Planning Group of the 
Integrated Ocean Drilling Program (IODP) is focusing attention on submarine fluxes occurring in the deep 
ocean basins as well as in coastal zones (Ge et al., 2003).  The National Science Foundations LEXEN (Life in 
Extreme Environments) Program is sponsoring research focused on determining whether subsurface fluxes at 
the sea floor promote the growth of indigenous microbial communities (Johnson et al., 2003).   

Nationally, NRC’s Water Science and Technology Board recently identified mapping of groundwater 
recharge and discharge vulnerability as a priority area for research in environmental science (NRC, 2000).  The 
Water Cycle initiative of the U.S. Global Climate Research Program (USGCRP) involves multiple federal 
agencies in coordinated research on the water cycle.  The USGCRP Water Cycle Study Group (2001) has 
identified “quantifying fluxes between key hydrologic reservoirs” as one of three goals under their Science 
Question 2:  “To what extent are variations in the global and regional water cycle predictable?”  The newly 
formed Consortium of Universities for the Advancement of Hydrologic Science, Inc. (CUAHSI) has proposed 
that the greatest challenges and most fertile opportunities to advance the science are found at primary 
hydrologic interfaces (www.cuahsi.org).  Of the four interfaces they propose, one involves recharge (land 
surface – groundwater), and other recharge and discharge (surface water – groundwater).  Finally, most of the 
federal agencies sponsoring the Committee on Hydrologic Science (COHS; see Preface) have identified 
groundwater fluxes at interfaces as an important priority area for research (Appendix C).  Interest by agencies 
is widespread.  The U.S. Army Corps of Engineers and the South Florida Water Management District are 
proposing artificial recharge by means of injection wells (so-called aquifer storage and recovery, ASR) 
engineering groundwater recharge and its recovery to help play an important role in the restoration of the 
Florida Everglades (NRC, 2002c), while the Department of Energy is concerned with the role of natural 
recharge in the performance of the proposed nuclear waste storage facility at Yucca Mountain, Nevada (Flint et 
al., 2002; Box 4-2). Brief summaries of agency interest in the topics of the workshop are in Appendix C.   
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TABLE 1-1  Methods for Estimating Recharge and Discharge   
Method Hydrologic zone  

where actual measurement is made Arid and semi-arid climates Humid climates 
Channel water budget  Channel water budget** 
Base flow discharge Base flow discharge** 
Seepage meters Seepage meters 
Heat tracers Heat tracers 
Isotopic tracers Isotopic tracers 
Solute mass balance Solute mass balance 
Watershed Modeling Watershed Modeling 

Surface water 

  
Lysimeters* Lysimeters* 
In situ sensors (Neutron probes, TDR, 
etc.) 

In situ sensors (Neutron probes, TDR, 
etc.) 

Zero-flux plane* Zero-flux plane* 
Darcy’s Law Darcy’s Law 
Tracers [historical 36Cl, 3H, 2H, 18O), 
environmental (Cl)] 

Tracers (applied) 

Numerical Modeling Numerical Modeling 
Thermal analysis  
Surface geophysics (DC, EM, radar) Surface geophysics (DC, EM, radar) * 
Cross-hole geophysics (DC, EM, ra-
dar) 

Cross-hole geophysics (DC, EM, ra-
dar) * 

Unsaturated zone 
(measurable discharge would mainly 
be upward exfiltration to vegetation) 

Gravity geophysics  
 Water-table fluctuations (observations 

wells, geophysics) 
Elastic compression measurements 
(e.g., GIS, InSAR) 

 

 Darcy’s law 
Tracers [historical (CFCs, 3H/3He), 
environmental (Cl, 14C)] 

Tracers [historical (CFCs, 3H/3He)] 

Groundwater 

Numerical modeling  Numerical modeling  
Most methods can be used for estimating either recharge and discharge, although a given method may be better for one 
than the other.  Methods appropriate only for recharge* and discharge** estimation are indicated by asterisks.  SOURCE:  
Reprinted, with permission, from Scanlon et al. (2002).  © 2002 by Springer-Verlag Heidelberg. 
 
 

STATEMENT OF TASK  
 

Fluxes to and from groundwater systems are critical to most aspects of hydrologic science, and there-
fore to its related sister sciences (Figure 1-2), but these fluxes are traditionally neglected or estimated by using 
simple and unverified assumptions (e.g., by assuming that recharge is equal to some fraction of precipitation).  
The purpose of this report is to call attention to the importance of groundwater fluxes, to explore the potential 
of new technologies to measure or estimate these fluxes, and to identify research gaps and the potential for 
interdisciplinary collaboration (Figure 1-2).   

This report is an outgrowth of earlier recommendations of the Committee on Hydrologic Sciences 
(COHS), outlined in “Hydrologic Science Priorities for the U.S. Global Change Research Program” (NRC, 
1999).  It is intended to help develop the framework for assessing strategic directions in the hydrologic sci- 
 

Copyright © National Academy of Sciences. All rights reserved.

Groundwater Fluxes Across Interfaces 
http://www.nap.edu/catalog/10891.html

http://www.nap.edu/catalog/10891.html


 

 

 
Table 1-2.  Summary of methods for estimating recharge at Yucca Mountain, including strengths and limitations of each method. 

 
Recharge Estimation Method Scale Model Parameters Strengths Limitations 
Numerical model based on 
Darcy’s law  

Site scale.  Rock hydraulic properties; measured 
saturations and water potentials 

Parameter-estimation methods in 
numerical model can provide quan-
titative measures of uncertainty. 

Scarcity of site-specific hydraulic-
conductivity data; measured satura-
tions or water potentials may not 
reflect fracture-flow component. 

Direct calculation of flux 
from Darcy’s law 

Deep Borehole scale. Hydraulic conductivity and meas-
ured saturations or water potentials 

Can obtain continuous profiles of 
flux along a borehole 
 

Scarcity of site-specific hydraulic 
conductivity data; measured satura-
tions or water potentials may not 
reflect fracture-flow component. 

Neutron moisture monitoring Shallow Borehole scale. Change in water content below zone 
of evapotranspiration 

In arid climates changes in water 
content with time can be converted 
directly to flux. 

Each borehole represents only a point 
estimate; labor intensive due to need 
for long-term monitoring; may be 
insensitive to fracture flow and pro-
vide a minimum estimate of recharge. 

Inverse models to match 
thermal profiles in boreholes 

Borehole scale.  Measured temperature versus depth 
profiles 

Flux estimate averaged over length 
of borehole; method sensitive to 
fracture flow as well as to matrix 
flow. 

Must assume steady state; each moni-
tored hole represents only a point 
estimate. 

Modified Maxey-Eakin 
transfer method 

Site or regional scale.  Average annual precipitation Provides spatial distribution of 
recharge. 

Method is empirical, developed for 
basin or watershed scale rather than 
point scale. 

Chloride (Cl) mass balance Cl deposition rate, measured Cl 
concentrations 

Few parameters are needed; analy-
ses are easy to make. 

Not completely valid for fractured 
rock; mea-sured concentration may 
not be representative of fracture flu-
ids, which can bypass matrix. 

Natural atmospheric and 
global fallout radionuclides 
(C-14, Cl-36, tritium) 

 
Point scale for pore wa-
ters, watershed scale for 
perched water, and basin 
scale for groundwater.   Measured isotopic concentrations or 

specific activities in subsurface 
waters 

Detection of young waters using 
fallout tritium, 14C or 36Cl is well 
established in hydrologic commu-
nity. 

Not a direct measure of flux; bound-
ing fluxes must be determined indi-
rectly using numerical model. 

Perched-water chemistry, 
including isotopes 

Watershed scale. Major-ion chemistry and isotopic 
data 

Integrated signal Uncertainty about origin and lateral 
extent of each perched-water body, 
and whether it is a relict of past cli-
mate. 

Saturated-zone water chemis-
try, including isotopes 

Basin and regional scales.  Major-ion chemistry and isotopic 
data 

Integrated signal. Sampling depths highly variable from 
well to well, rarely draw from upper-
most saturated zone, and often tap 
more than one unit. 

Watershed modeling Point, watershed and 
regional scales.  
 

Spatial/temporal distribution of 
precipitation, E-T, soil/bedrock 
properties. 

Spatial and temporal distributions 
of recharge; provides tool for pre-
dicting effects of different climate 
scenarios. 

Intensive data needs. 

 
SOURCE:  Reprinted, with permission, from Flint et al. (2002).  © 2002 by Springer-Verlag Heidelberg. 
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FIGURE 1-2  Disciplines involved in estimation of groundwater recharge and discharge.   
 
 
ences.  The report reflects deliberations at a COHS sponsored workshop held in May 2002 (preface; Appendi- 
ces A, B).  The discussions at the workshop focused on naturally occurring groundwater recharge and dis- 
charge.  However, many of the concepts related to natural groundwater fluxes also apply to anthropogenic 
fluxes such as those associated with agriculture, municipal water supply, and aquifer contamination.  The re-
port is also not meant to be a comprehensive analysis of all issues related to groundwater fluxes but instead 
focuses on the following questions, drawn from a broader set of issues (see preface) that workshop participants 
were asked to consider: 
 

1. Diffuse vs. focused recharge and discharge 
 

• What is the relative importance of diffuse versus focused recharge/discharge in various hydro-
geologic settings? 

• Is fresh groundwater discharge a significant source of fresh water recycling to estuaries and the 
oceans? 

 
2. Interactions of Groundwater with Climate  

 
• Do groundwater recharge and discharge processes provide feedback mechanisms that affect cli-

mate? 
• What are the important time scales for groundwater reservoirs affecting continental and global 

water balances, and how are they controlled by fluxes and storage?    
• What is the magnitude of the effect of fluctuations of sea level and levels of large lakes (e.g., the 

Great Lakes) on groundwater recharge/discharge? 
 

         
Groundwater 

     recharge 
Soil 
science 

    
Groundwater 
    discharge 

Surface-water    
hydrology    

 
 Geochemistry 
and geophysics 

 Limnology 

Oceanography  

  
Wetland   
 ecology  
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 3. Spatial and temporal scales of recharge and discharge  
 

• How do estimates of groundwater recharge/discharge aggregate when averaged over different 
scales and what implications does this have for measurement scale? 

• How accurately can recharge/discharge patterns/rates be estimated at a regional or national scale, 
and how might uncertainty in these patterns/rates vary with spatial and temporal scale and geographic loca-
tion?  
 
 

BASIC CONCEPTS RELATED TO 
GROUNDWATER RECHARGE/DISCHARGE 

 
The zone of subsurface water can be divided into the unsaturated zone above the water table and the 

saturated zone below the water table.  The unsaturated zone includes the zone of soil moisture, which extends 
from the land surface down to the bottom of the root zone, and the vadose zone extending from the bottom of 
the root zone to the water table.  The groundwater reservoir consists of the water in the saturated zone below 
the water table.  The capillary fringe is located between the unsaturated and saturated zones and is the area 
where water is held under tension (as in the unsaturated zone) yet pore spaces are completely filled with water 
(as in the saturated zone).  At the water table, water is under atmospheric pressure; water pressure below the 
water table is greater than atmospheric pressure, while water pressure above the water table is generally less 
than atmospheric pressure.  

Major sources of groundwater recharge include the downward flux of water across the water table, 
originating from precipitation, and the influx from a surface water body, while groundwater discharge is the 
efflux of water from the saturated zone.  Precipitation infiltrates at the land surface and some fraction of this 
water percolates through the unsaturated zone and crosses the water table to become groundwater recharge.  
Additional water recharges the groundwater system from irrigated agricultural fields, from recharge wells con-
structed for various purposes, and from other engineering works.  The groundwater reservoir may also be re-
charged from water in rivers, lakes, and wetlands (e.g., see Winter et al., 1998; Winter, 1999; Sophocleous, 
2002).  Water may also enter the groundwater reservoir from estuaries and the ocean, but this process is termed 
salt-water intrusion or salt-water encroachment and is not normally considered recharge.  Groundwater in an 
unconfined aquifer may flow downward across a confining bed and enter an underlying confined aquifer.  This 
is sometimes called deep recharge.  Recharge to confined aquifers sometimes occurs, at least in part, in re-
sponse to pumping of the confined aquifer.   

Groundwater discharges naturally to lakes, rivers, wetlands, estuaries and the ocean (Winter et al., 
1998; Winter, 1999).  Discharge also occurs at pumping wells, agricultural drains and other types of drainage 
structures.  Groundwater may also leave the saturated zone by direct evaporation from shallow water tables, 
upward movement across the water table through evapotranspiration from plant roots in the unsaturated zone 
or from plants known as phreatophytes whose roots penetrate to the water table. 

The interface between the groundwater zone and surface water in streams and rivers is a zone of active 
mixing and interchange between groundwater and surface water known as the hyporheic zone (e.g., see Jones 
and Mulholland, 2000).  There is a similar mixing zone, the hypolentic zone, at the interface between the 
groundwater zone and lakes and wetlands.  Another mixing zone occurs within the upper 500 meters of the 
oceanic crust (Johnson et al., 2003). 

Fundamental to the analysis of recharge and discharge processes in any given hydrogeologic setting is 
the formulation of a conceptual model.  This is a descriptive representation of a groundwater system that in-
corporates an understanding of the relevant geologic and hydrologic conditions and generally includes infor-
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mation about the water budget.  Development of conceptual models is fundamental to the science of hydro-
geology (e.g., Davis and DeWeist, 1966).  Several major efforts have been made to organize the U.S. into re-
gions of similar hydrogeologic characteristics.  Recent attempts include the Regional Aquifer-System Analysis 
(RASA) Program of the U.S. Geological Survey (Sun and Johnston, 1994) and a volume of papers on the 
hydrogeology of North America (Back et al., 1988).  Recently, Winter (2001) introduced the concept of the 
Fundamental Hydrologic Landscape Unit (FHLU) to help guide the formulation of conceptual models.  The 
FHLU is based on the concept that a single generic flow cell (Figure 1-3) forms a template for conceptualizing 
hydrologic landscapes (see Chapter 2).  Conceptual models built upon the concept of the FHLU can be useful 
in identifying patterns of recharge and discharge in any given generic hydrogeologic setting, allowing hypothe-
ses to be developed and tested independently of scale.  The factors that influence the development of a concep-
tual model based on the FHLU concept include land surface form, geologic framework, and climatic setting, 
especially the net of annual precipitation minus evapotranspiration.  The FHLU framework is used in this re-
port to guide discussion. 
 
 

OVERVIEW OF METHODS FOR 
ESTIMATING RECHARGE AND DISCHARGE 

 
Scanlon et al. (2002) recently reviewed and summarized methods for estimating recharge (Table 1-1) 

and noted that these techniques are dependent on both spatial (Figure 1-4) and temporal (Figure 1-5) scales.  
They concluded that:  “Recharge estimation is an iterative process that includes refinement of estimates as ad-
ditional data are gathered.  A wide variety of approaches should be applied in estimating recharge in order to 
reduce uncertainties and increase confidence in recharge estimates.”  Other review papers on recharge estima-
tion are included in Scanlon and Cook (2002).  Similar statements about methods and space/time scales can be 
made about the estimation of discharge, which uses many of the same methods for estimation (Table 1-1). 
Whether for recharge or discharge, the methods of estimation draw upon expertise resident in a variety of dis-
ciplines (Figure 1-2). 
 Estimates of recharge are dependent on the scale of measurement.  Lysimeters, neutron probes, time-
domain reflectometry (TDR) probes and (other) in situ sensors, and cross-borehole radar (Binley et al., 2001) 
offer “point” or “small-scale” data that can be used to estimate net infiltration.  Translating estimates of infiltra-
tion into recharge is not straightforward, however, and the results after this transformation are not necessarily 
“point” estimates.  Tracer studies, subsurface and in-stream thermal analyses, cross-borehole and surface DC, 
electromagnetic geophysics (e.g., Cook et al., 1992), gravity geophysics, and elastic compression measure-
ments might be thought of as giving “mesoscale” estimates of recharge.  The water-table fluctuation method 
(Healy and Cook, 2002), mass-balance calculations, measurements of thermocline alteration (heat tracer stud-
ies), and isotopic tracer analyses might be considered “basin-scale” or “macro-scale” measurements.  Infer-
ences based on inverse groundwater modeling in conjunction with measurements of the elevation of the poten-
tiometric surface (Sanford, 2002) are related to the scale of the model and may range from mesoscale to basin-
scale.  Discharge estimates, sometimes using the same methods, are also dependent on measurement scale.  
The baseflow discharge method (Table 1-1) measures basin-scale groundwater discharge to streams, which is 
then used as a proxy for recharge estimates under the assumption that, under steady state conditions on the wa-
tershed scale, recharge equals discharge.  Darcy’s law is used to estimate point discharge rates by measuring 
hydraulic gradients in piezometers installed in a discharge area.  Mini-piezometers are installed in river and 
lake beds to measure near shore gradients.  According to Darcy’s law, hydraulic gradient multiplied by hydrau-
lic conductivity equals flux.  The channel-water budget method can also be used to measure gains or losses of 
water from a stream by calculating the net gain or loss of water between two streamflow gaging stations, with 
the scale depending on the distance between the gages.   
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FIGURE 1-3  The Fundamental Hydrologic Landscape Unit (FHLU).  SOURCE: Reprinted, with permission, from Win-
ter (2001).  © 2001 by American Water Resources Association. 
 
 

 
 
FIGURE 1-4  Spatial scales for recharge estimation.  SOURCE:  Reprinted, with permission, from Scanlon et al. (2002).  
© 2002 by Springer-Verlag Heidelberg. 

Copyright © National Academy of Sciences. All rights reserved.

Groundwater Fluxes Across Interfaces 
http://www.nap.edu/catalog/10891.html

http://www.nap.edu/catalog/10891.html


14  Groundwater Fluxes Across Interfaces 
 

 
 

 
FIGURE 1-5  Temporal scales for recharge estimation.  SOURCE:  Reprinted, with permission, from Scanlon et al. (2002).  
© 2002 by Springer-Verlag Heidelberg. 
 
 

Seepage meters, theoretically, can be used to make direct point measurements of either recharge or 
discharge of water between a surface water body and the groundwater system, but have been used more suc-
cessfully to estimate discharge.  Seepage meters for discharge estimation are designed to collect groundwater 
flux.  The original design (Lee, 1977) was intended for use in lakes and estuaries and required manual collec-
tion of the water sample from which an estimation of flux was calculated based on the elapsed time.  Newer 
designs (e.g., Taniguchi and Fukuo, 1993; Paulsen et al., 2001) allow for automated measurements.  Meso-
scale discharge can be estimated with the help of heat tracers by relying on the difference in temperature be-
tween groundwater and surface water (e.g., Lapham, 1989; Constantz et al., 1994; Hunt et al., 1996).   

Solute mass balance techniques have been successfully used to estimate mesoscale or macroscale dis-
charge to lakes and estuaries (e.g., Krabbenhoft and Webster. 1995; Burnett et al., 2002).  Watershed models 
and numerical groundwater flow models are also helpful in estimating mesoscale or macroscale discharge. 
 Estimates of recharge and discharge are plagued by errors and uncertainties, especially biases.  The 
errors depend on the scale, quantity, quality and type of data.  Errors are often very large and are seldom quan-
tified because available data are seldom adequate to give reliable assessments of the uncertainty in re-
charge/discharge estimates, and many of the measurement tools are not amenable to calibration.  Furthermore, 
traditional hydrogeologic evaluations are deterministic, and lack assessments of error and uncertainty. 

Estimates of recharge and discharge also suffer from non-uniqueness.  For example, the base flow es-
timation method assumes steady flow, so that recharge balances discharge.  But estimates of both recharge and 
discharge will be inaccurate if the flow is sufficiently transient, and the effects of storage changes are inappro-
priately assigned to one or the other, or missed entirely.  Some of the methods (e.g., gravity, EM, and radar 
geophysical methods, elastic compression, water-table fluctuation, mass-balance calculations, inverse model-
ing) actually measure water in storage and use the water budget to estimate recharge or discharge indirectly. 
Moreover, these methods are sensitive to subsurface geological heterogeneity.  The observed storage change 
may be due to reasons other than those assumed, making the recharge or discharge estimate non-unique, and 
dependent on assumptions.  Many methods for recharge assume vertical infiltration, whereas lateral flow may 
likely be significant.  Others suffer from poor space-time resolution of storm events.  Flux estimates calculated 
using Darcy’s law require an estimate of hydraulic conductivity, which can be difficult to measure accurately.  
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Hence, closing the water budget requires a reduction of uncertainty and non-uniqueness in the measurement of 
the relevant fluxes. 

Flint et al. (2002) evaluated various methods to estimate net infiltration and recharge at Yucca Moun-
tain, Nevada (Box 4-2).  A summary of the methods, including general approach, scale of application, and 
strengths and limitations, is presented in Table 1-2 and illustrates some of the issues in estimating groundwater 
fluxes.  The methods in the table produce estimates of flux that reflect different spatial and temporal scales; 
they have different data requirements, strengths and limitations; and have varying sensitivity to water flux in 
fractures, a major pathway through the unsaturated zone at Yucca Mountain.  At this site, recharge varies spa-
tially owing to variations in precipitation, surface microclimates, thickness of alluvial deposits, faults and frac-
tures, and thickness and hydrologic properties of geologic strata in the unsaturated zone. Recharge also varies 
temporally due to weather and the climate variability. 
 
 

SCOPE 
 
The following three chapters examine processes and measurements of fluxes at groundwater inter-

faces, through the perspective provided by the three major themes of the workshop: diffuse vs. focused fluxes, 
interactions with climate, and spatial and temporal scales.  Challenges in the understanding and estimation of 
fluxes are outlined within this context, and suggestions are made for future research.  The themes are inter-
twined.  For example, highly variable and focused recharge may limit our ability to upscale or downscale 
measurements, and changes in climate may change a temperate zone with diffuse recharge to an arid zone with 
focused recharge.  

In Chapter 2, we also discuss the benefits that would be derived from the establishment of a network 
of experimental benchmark sites for recharge and discharge measurements.  These sites would be integrated 
wherever possible with existing and planned experimental watersheds, such as those funded by the National 
Science Foundation (e.g., the Long Term Ecological Research [LTER] sites, or CUAHSI’s proposed Hydro-
logic Observatories), or run by federal agencies (e.g., U.S. Department of Agriculture, the Forestry Service, 
and the U. S. Geological Survey), in order to leverage related hydrologic and ecological research.  
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2 
Diffuse and Focused Recharge and Discharge  

 
 
 
 
 

Depending on the hydrogeologic setting, recharge may occur fairly uniformly over the subsurface 
or may be focused by entering the subsurface through depressions such as sinkholes. Recharge can also be 
focused by unsaturated zone flow instabilities (e.g., gravity fingering); geologic features like fractures, 
faults, clastic dikes and karstic sinkholes; and manmade infrastructure including recharge wells and waste 
disposal facilities.  While one mechanism typically dominates, sometimes diffused and focused recharge are 
both important, especially at regional scales (e.g., Izbicki et al., 2002).  Similarly, discharge may be spread 
out over relatively large areas or may be focused into springs, including submerged springs discharging into 
rivers, wetlands, lakes, and the ocean.  Naturally occurring discharge is also focused through transpiration 
by plants (e.g., Meyboom, 1966).  Furthermore, discharge may be focused by pumping from wells or drain-
age systems.  The distinction between diffuse and focused discharge can be difficult to determine since what 
may be termed diffuse discharge often occurs preferentially along curvilinear features such as rivers, shore-
lines, and slope breaks. 

Recharge and discharge rates and locations can also vary greatly over time.  Shallow flow systems 
are particularly responsive to seasonal changes, especially where the infiltration capacity of the soil and the 
hydraulic conductivity of the underlying rock or sediment are high (Winter, 2001).  Focused recharge and 
discharge tends to be more episodic than diffuse flow.  Recharge and discharge events in arid zones gener-
ally tend to be more episodic than in humid settings where recharge and discharge fluctuate in a relatively 
predictable way in response to seasonal changes in precipitation and evapotranspiration.  Recharge and dis-
charge fluxes also change temporally in response to climate change.  These long-term temporal trends are 
discussed in Chapters 3 and 4. 

Motivations for quantifying recharge and discharge fluxes arise from a variety of water resource and 
ecosystem management problems.  The net balance between total recharge and discharge for a groundwater 
basin is the primary control on the amount of water stored in aquifers that are used for water supply.  Thus, 
quantifying natural recharge and discharge fluxes is an essential step in evaluating the groundwater resource 
and provides a baseline assessment for managing/developing groundwater resources. Additionally, recharge 
is the primary mechanism by which contaminants enter the groundwater system.  The spatial distribution of 
recharge fluxes and the travel time for movement of water from the land surface to the water table largely 
determine the vulnerability of aquifers to contamination including agricultural contaminants (e.g., Bohlke, 
2002; Fogg et al., 1999) and are used to define zones of capture for pumping wells in wellhead protection 
programs (Reilly and Pollock, 1993).  The distinction between focused and diffuse recharge mechanisms is 
particularly important to contaminant transport because these two end-member recharge regimes can lead to 
large differences in travel times, concentrations, and contaminant plume geometries. 
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A variety of aquatic ecosystems, including wetlands, lakes, and streams, are sustained by groundwa-
ter discharge.  Distinct vegetation and aquatic communities are likely to be associated with focused and dif-
fuse discharge (e.g., Rosenberry et al., 2000; Lodge et al., 1989). Biogeochemical processes that modify 
water quality during discharge (e.g., denitrification) are also likely to be affected differently by these two 
discharge modes.  An understanding of both the physical and biochemical processes occurring at the inter-
face between groundwater and river systems within the hyporheic zone and between groundwater and lakes 
and wetlands within the hypolentic zone is key to assessing and managing aquatic ecosystems. 
 Spatial and temporal variability in recharge and discharge fluxes has been studied in many different 
environments, from the prairie potholes (Winter and Rosenberry, 1995; van der Kamp and Hayashi, 1998) to 
coastal plains (Logan and Rudolph, 1997).  However, there are no uniformly applicable methods for quanti-
fying recharge/discharge fluxes in space and time.  For example, measurement difficulties arise because fo-
cused recharge fluxes can vary widely over space and diffuse discharge fluxes may be of relatively low 
magnitudes.  In most cases we estimate recharge and discharge indirectly, for example by measuring head or 
using baseflow estimates or tracers (Table 1-1).  Such indirect estimates typically are affected by uncertainty 
in the estimates of other parameters used in the analysis (e.g., Winter, 1981). 

Distribution of recharge/discharge fluxes may also be estimated by using mathematical models of 
the watershed in conjunction with field measurements to solve the inverse problem (e.g., Stoertz and 
Bradbury, 1989; Levine and Salvucci, 1999; Stone et al., 2001; Sanford, 2002; and Lin and Anderson, 
2003).  However, fluxes estimated in this way are also plagued by the uncertainty associated with estimating 
all the other parameters used in the model as well as uncertainty in the heads used to calibrate the model.  
When comparisons of different techniques to estimate recharge and discharge have been made, results from 
various techniques are often different (e.g., Flint et al., 2002; Burnett et al., 2002).  Only when discharge is 
discretely focused and accessible to measurement, for example, springs that emerge at the land surface, is it 
possible to make relatively accurate direct measurement of a groundwater flux.  Direct measurements of 
submerged springs can be made using seepage meters (Lee, 1977; Taniguchi and Fukuo, 1993; Paulsen et 
al., 2001) but these measurements can be logistically difficult to make and are often affected by measure-
ment errors. 

This chapter explores some of the research needs for understanding and characterizing the timing, 
spatial distribution, and rates of focused and diffuse recharge and discharge in major hydrogeologic settings.  
With an improved process-level understanding of controls on these fluxes, it may be possible to anticipate 
changes in the timing of recharge events and changes in the spatial patterns of recharge and discharge in 
response to climate variability, changes in land use, and water resource development.  In particular, this 
chapter focuses on two questions discussed at the workshop that formed the basis of this report.  The first is 
“How do the landscape setting and climate fundamentally control the nature of recharge and discharge in 
any given hydrogeologic setting?”  The discussion of this question is woven throughout the chapter.  The 
second question is “Is diffuse or focused fresh groundwater discharge a significant source of fresh water 
recycling to estuaries and the oceans?”  This issue is discussed in the last section on coastal/estuarine sys-
tems, in Box 2-3, and also in Chapter 3 in the context of climate. 
 
 

EXPERIMENTAL BENCHMARK SITES 
 

In effect there are presently a large number of generally uncontrolled recharge and/or discharge ex-
periments taking place each year, as hundreds of researchers, practitioners, and managers collect and ana-
lyze data, or build models of systems, in which groundwater recharge and discharge are quantified.  In most 
of these studies, estimation of recharge/discharge fluxes is not the primary motivation for the study, and in 
many of them, inclusion of recharge/discharge is an afterthought, and few or no field measurements are 
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made to quantify the fluxes or to verify guesses.  There are few experimental sites at the scale proposed in 
this report (see discussion later in this section), and essentially no field campaigns, in which these processes 
were the focus of attention.  Data and modeling results from other existing studies cannot be reliably synthe-
sized, since recharge/discharge was not the focus and, in any event, the methods, scales, and uncertainties 
vary widely and may not even be documented.  In summary, little is known about the spatial and temporal 
variability of these fluxes and little is known about the relative importance or magnitude of diffuse vs. fo-
cused fluxes.  We do know that the relative importance of diffuse vs. focused flux and the variability of 
fluxes depend on the hydrogeologic setting. 

One promising way to achieve consistency in addressing recharge and discharge issues would be to 
establish a network of experimental benchmark sites that sample a wide range of landscape and geohy-
drologic types, and climatic regimes, building on the concept of hydrogeologic conceptual models that is 
fundamental to hydrogeologic analysis.  An example of a framework for organizing hydrogeologic concep-
tual models or generic hydrogeologic settings is the Fundamental Hydrologic Landscape Unit (FHLU) in-
troduced by Winter (2001) (Figure 1-3).  The proposed experimental sites would be selected to differentiate 
the relative importance of diffuse versus focused recharge and discharge processes at different scales and to 
test different methods of estimating recharge and discharge in disparate settings.  Care would be taken to 
distinguish modern-day recharge rates from paleorecharge rates (see Chapter 3).  Research at the experimen-
tal sites would facilitate the development and testing of new concepts and new tools for measurement of 
recharge and discharge fluxes. 

Prior to and during startup of each experimental setting, generic modeling studies would be used to 
aid in selection of sites, design field instruments and instrumentation networks, and design experiments.  
Studies at each experimental site logically would lead to quality assured results that are transferable to simi-
lar settings elsewhere.  Studies at the network of sites, using consistent science and technology, would per-
mit synthesis.  All data and information generated at these sites should be maintained at a centralized facility 
and made available to the scientific community. 

Advances in technology including micro-instrumentation, access to online digital data bases, avail-
ability of remotely sensed data sets, high resolution tomography, hydrolithology, soil and other landscape 
data, improved computational tools, data telemetry from remote locations, automated sampling capabilities, 
and isotope and other novel geochemical tools, make beneficial detailed studies of recharge and discharge 
possible.  With these advanced technologies incorporated into a network of benchmark sites, important sci-
ence questions can be successfully addressed.  

What size would be ideal for a benchmark site?  The relevant scientific issues and methods of 
measurement change with scale (Chapter 4).  Some experiments could be run at the “point” scale of, say, a 
meter or could be fixed on the hillslope scale of, perhaps, 10-100m, the scale used in  many field studies of 
other hydrologic and geomorphic problems such as runoff generation and slope stability. However, many of 
the methods, questions, and issues demand a larger scale, perhaps that of a watershed, or even an entire river 
basin.  Appropriate spatial scales also depend on the landscape, hydrogeology, and climate. Ideally each 
benchmark site would cover a spectrum of spatial scales, possibly using a nested design where the bench-
mark site itself is at the hillslope or watershed scale but smaller scale sites would be located within the 
benchmark site, while larger scale studies might also include more than one benchmark sites.   

What is the appropriate temporal scale for studies at benchmark sites?  New observations should be 
designed with a sufficient sampling frequency to address the relevant scientific issues and to test the meas-
urement methods.  Benchmark sites should be located where historical data such as that from streamgages 
and long-term monitor wells can be used to extend the record, and preferably where the record can be ex-
tended into the past even further using paleohydrological and paleoecological data. 

While fixed benchmark sites would dramatically improve the scientific community’s ability to ad-
dress recharge and discharge issues, and to develop and test measurement methods, the sites would not have 
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the geographic coverage necessary to answer all questions, or to work cooperatively with large scale hydro-
climatologic field experiments and campaigns, such as the Hydrologic Atmospheric Pilot Experiment 
(NAPEX) or the more recent Global Energy and Water Cycle Experiment (GEWEX).  While soil moisture 
issues were an important part of these experiments, groundwater recharge and discharge were effectively 
ignored and an important opportunity to improve understanding of these processes and the interconnection 
with other water reservoirs (Figure 1-1) was missed.  The hydrogeologic community should develop the 
ability to lead and/or participate in such large-scale campaigns in order to take advantage of these opportuni-
ties in the future and thereby address the research questions that a fixed network of observatories cannot 
fully address.  Further discussion of these opportunities (e.g., coupled aquifer-land surface-atmosphere mod-
els) may be found throughout Chapter 3.  

A network of benchmark sites for groundwater recharge and discharge studies is an ambitious 
undertaking.  A few hillslope scale sites might be readily achievable, but integrated watershed scale sites 
will require coordination by the hydrologic community.  In particular, the community must leverage other 
opportunities such as existing federal experimental watershed programs, which have related long term data-
bases, infrastructure support, and an interest in many of the same issues.  A second opportunity lies with 
federally sponsored field sites like the system of Long Term Ecological Research Centers (www.lternet.edu) 
or the Consortium of Universities for the Advancement of Hydrologic Science’s (CUAHSI) proposed net-
work of hydrologic observatories (www.cuahsi.org).  The benchmark sites would fit nicely into the proposed 
hierarchical structure and central management of the CUAHSI observatories. 

The following sections illustrate how benchmark sites can be used to conduct research on recharge 
and discharge issues and methods by focusing attention on four generic hydrogeologic settings:  karst, glaci-
ated Midwest, mountain and valley, and coastal/estuarine.  These settings represent four different types of 
landscapes and hydrogeologic conditions, and are used to suggest specific focal areas for research at each 
type of site.  These four terrains represent a wide range of hydrogeologic conditions including some of the 
most problematic settings with respect to recharge and discharge but they are by no means a comprehensive 
representation of the types of settings found in the U.S. or elsewhere.  The purpose is to illustrate the nature 
of the issues and questions that need to be addressed relative to groundwater fluxes and to show how the 
spatial and temporal variability and occurrence of diffuse vs. focused fluxes is dependent on the hydro-
geologic setting.  Important generic hydrogeologic settings that are not considered herein include alluvial 
valleys, permafrost regions, volcanic terrain (e.g., the Columbia River Plateau and the Hawaiian Islands), 
crystalline rock terrain (the Precambrian Shield), and unglaciated plains (i.e., the High Plains including the 
Ogallala Aquifer and the Sand Hills).  For a more comprehensive description of the hydrogeologic settings 
found in North America, the reader is referred to Back et al. (1988).  Similar expositions of the research 
needs relative to recharge and discharge could be written for each of these settings, and benchmark sites 
would ideally be located in many of them. 
 
 

Karst 
 

Karst is a general term for a wide range of landscape settings in which the underlying rocks have 
been modified by solutional processes.  Rocks that are subject to dissolution include gypsum, rock salt, and 
carbonate rocks such as limestone and dolostone.  Carbonate rocks are common in most karst settings, and 
the “classic” karst landscape contains such characteristic landforms as sinkholes, closed depressions, hum-
mocky topography, caves, and springs.  However, the continuum of karst landscapes ranges from minor, 
poorly developed karst features to major, integrated conduit networks.  These environments are often ex-
tremely vulnerable to groundwater contamination and contain unique ecological niches, but understanding 
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and quantifying recharge and discharge in karst environments poses significant scientific challenges (Ap-
pendix B).  

Groundwater movement through karst systems is predominately along secondary features, such as 
fractures, conduits, or caves that are formed or enlarged by solution. Groundwater flow rates can be very 
rapid, and flow can be turbulent.  Storage of groundwater in karst can be large or small depending on the 
nature of secondary void space (Figure 2-1).  High-intensity precipitation events may move water through 
karst systems rapidly from recharge to discharge.  Focused recharge to karst systems depends less on 
evapotranspiration and plant cover than in other hydrogeologic settings and occurs when the surface topog-
raphy routes runoff to specific locations, such as sinkholes, exposed fractures, or closed basins.  Thus, the 
structural, sedimentological, and geomorphic history of the rock, its mineralogical composition, and overly-
ing soil thickness and composition all influence the extent to which focused recharge can occur.  Many karst 
terrains contain springs, and groundwater discharge from conduit-flow karst springs can be very large and 
extremely variable. 

Focused recharge and discharge can be fairly readily identified in many karst systems from geo-
morphic features such as sinkholes, stream networks, and vegetation patterns defining fracture traces 
(Sasowsky, 1999).  Operationally, however, the three-dimensional distribution of conduits and fracture net-
works in karst systems can be very complicated, and discrete flowpaths are difficult to map.  Often in karst 
terrains subsurface potentiometric divides do not coincide with surface topographic basins, making the 
computation of water and chemical balances very difficult.  Discharges from springs, however, represent an 
integrated mix of water that has followed different flow paths.  Potentially, a large amount of flow is cap-
tured by direct measurement of spring flow and under steady-state conditions recharge can be estimated in-
directly from discharge measurements.  For example, Plummer and others (1998) estimated the percentage 
of river water recharging the Floridan aquifer using chloride and isotopes. 

Urbanization and agricultural practices have compromised karst systems throughout North America 
because of the ease with which water can be recharged in these settings and because of high yields to pump-
ing wells.  Dewatering has led to subsidence features (e.g., Wilson and Beck, 1992; Halliday, 1998) and ma-
jor ecological stress and agricultural practices and urbanization has led to widespread contamination of karst 
aquifers by nutrients (USGS, 1999), solvents (Wolfe and Haugh, 2001), and other chemicals.   

Remote sensing of vegetation and soil water content, geomorphological analysis, and field observa-
tion and mapping of focused recharge and discharge relative to fracture systems over the watershed would 
be a first step towards evaluating recharge and discharge in the karst setting.  Numerous studies of karst hy-
drology in many climatic settings show that diffuse recharge and discharge is a very small component of a 
karst water budget (White, 1988).  
 A benchmark watershed to study karst recharge and discharge at a scale of ~100 km2 might include 
the following field components: 
 
 1. development of long-term water balances for the watershed at several different spatial 
scales; 
 2.  measurement of discharge and geochemical parameters at all major springs over a period of 
years;  

3. measurement of travel times and residence times using environmental isotopes, geochemical 
parameters, temperature, and tracer tests;  

4. installation of monitoring wells and meteorological stations; continuous measurement of water-
level and geochemical changes in these wells; 

5. detailed mapping of surface topography, soils, and individual karst features such as sinkholes, 
exposed fractures, and closed depressions; identification of vegetation to find possible correlations with dis-
charge zones at seeps.  
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FIGURE 2-1  One type of karst Hydrogeologic Setting found in carbonate rock. The setting shown here is typical of 
well-developed karst with an integrated subsurface network but many other types of karst are found.  SOURCE:  Re-
printed, with permission, from Winter (2001).  © 2001 by American Water Resources Association. 
 
 

Glaciated Midwest 
 

Storage of groundwater in the glaciated Midwest can be large or small depending on whether the 
aquifer is confined or unconfined.  High-intensity precipitation events commonly generate overland flow; in 
some instances the overland flow can converge on a topographic depression causing a type of focused re-
charge.  Low-intensity rains  provide diffuse groundwater recharge (Figure 2-2) provided the water is not 
intercepted by vegetation or used to replenish soil moisture.  Antecedent soil moisture conditions and soil 
texture help determine whether rainfall results in overland flow (and associated focused recharge) or diffuse 
recharge. Generally, late fall rains and spring snowmelt events provide the majority of the annual recharge.   
 Focused recharge often occurs after extended periods of wetness such as snowmelt or a series of 
intense rains.  The scale of focused recharge may be even smaller when considering the effects of macro-
pores in the shallow soil column. Focused discharge areas are commonly characterized by springs or distinct 
hydrophytic (wetland) vegetation (e.g., Rosenberry et al. 2000).  The presence of heterogeneities (i.e., zones 
of high or low hydraulic conductivity) can result in groundwater flow systems with complex three-
dimensional distributions. In some cases distinct local and regional flow systems can develop (Toth, 1962).   
 The geochemistry of recharge water can be maintained along its entire flow path until it mixes with 
surface water at discharge points in both glacial outwash (Walker and Krabbenhoft 1998) and glaciated bed-
rock settings (Hunt and Steuer, 2000; Box 2-1).  Vertical variation in geochemistry can be important where 
discharge is diffuse and redox conditions change (Box 2-2).  While care is needed to characterize the spatial 
nature of recharge and discharge, temporal variability is less problematic in glacial sediments that have high 
hydraulic conductivity and storage.  In these settings, a large amount of flow is captured by direct measure-
ment of baseflow in streams and under steady state conditions an areally averaged recharge rate can be esti- 
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FIGURE 2-2  Glaciated Midwest (Hummocky) Hydrogeologic Setting.  SOURCE:  Reprinted, with permission, from 
Winter (2001).  © 2001 by American Water Resources Association. 
 
 
mated from discharge measurements. Glaciated areas can also have low conductivity sediments and/or con-
fined units.  In these settings the hydrologic system is flashier and less likely to be under steady-state condi-
tions; thus, developing accurate estimates of recharge can be difficult. 

Urbanization and agricultural practices have affected the magnitude and distribution of recharge.  
Both practices commonly involve draining and filling wetlands and modifications to the surface water sys-
tem (e.g., channel straightening, impoundments, concrete lining). Urbanization may decrease both focused 
and diffuse groundwater recharge (e.g., Steuer and Hunt, 2001) by diverting recharge to stormwater convey-
ance systems.  Moreover, interception by municipal wells can lower the amount of diffuse discharge (e.g., 
baseflow, and the groundwater component of wetland water budgets) and completely dry out focused dis-
charge points such as springs (e.g., Bradbury et al., 1999).  However, overall recharge often increases due to 
leaks from sources such water mains and sewers, which often contain water imported from other basins 
(Lerner, 2002).  Agricultural practices common to the glaciated Midwest can reduce recharge rates by as 
much as ten times while practices under the USDA Conservation  

Reserve Program can significantly increase recharge rates (Steuer and Hunt, 2001).  Agricultural 
pactices have led to contamination of many shallow midwestern aquifers by nutrients and pesticides (USGS, 
1999).   

Remote sensing of vegetation and the water content of soils, geomorphologic analysis, and field ob-
servation and mapping of diffuse and focused recharge and discharge over the watershed would be a first 
step towards evaluating recharge and discharge in the Glaciated Midwest.  A benchmark watershed study to 
quantify recharge and discharge in the Glaciated Midwest at a scale of ~100 km2 might include the follow-
ing field components: 
 

1.  continuous measurement of groundwater fluxes at major discharge locations within the basin 
(streams/rivers/springs) over a period of years;  
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BOX 2-1 

Horizontal Variation in Geochemistry of Focused 
Discharge into a Regional Spring Complex 

 
One might assume that in areas of focused groundwater discharge relatively few samples would be 

needed to characterize water chemistry because focused discharge consists of an integrated, well mixed water 
volume channeled from a large collection area.  However, this may not be true.  Hunt and Steuer (2001) stud-
ied a regional spring discharge complex near an urbanizing fringe in south-central Wisconsin using numerical 
modeling and geochemical investigation (Figure 2-3).  The spring had a discharge of about 3400 liters/minute 
(2 cubic feet per second), that drained an area of about 1000 hectares.  Within the spring complex, large dif-
ferences in spring water chemistry were noted even when vents were within 15 m of each other.  Many con-
stituents from carbon species to stable isotopes of water and strontium showed significant spatial variation 
within the spring complex.  In the case of nitrate+nitrite, areas on one side of the spring were above drinking 
water standards and below them on the other. Particle tracking simulations demonstrated that the chemical 
variation was owing to distinct recharge areas that maintained their chemical signatures when discharged into 
the spring complex.  

FIGURE 2-3  Map of spring complex with sampling locations.  SOURCE:  Reprinted, with permission, 
from Hunt et al. (2001).  © 2001 by National Ground Water Association. 
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BOX 2-2 

Vertical Variation in Geochemistry of Diffuse Discharge into a Wetland 
 

In areas of diffuse groundwater discharge, vertical variation in water chemistry may be greater than hori-
zontal variation.  Hunt (1996) and Hunt et al. (1997) investigated a groundwater dominated wetland system in 
southwestern Wisconsin, in order to examine the type of sampling network needed to characterize the spatial 
and temporal patterns in the geochemical processes operating within the wetland.  Four sites in the wetland 
complex were instrumented with typical water table wells and piezometers to capture relatively large scale 
trends, an array of suction lysimeters and mini-piezometers with 15 cm spacing for intermediate scale trends, 
and close interval membrane equilibrators with approximately 1.5 cm spacing for small scale trends.  In this 
wetland, the large-scale instrumentation is insufficient to capture chemical variability, which can be substan-
tial on the centimeter scale (Figure 2-4), and was generally larger than the horizontal variability.  The vertical 
variability was also larger than the temporal variability over the growing season. 

 
 

 
 

FIGURE 2-4  Chemical profile of total filterable phosphorus and iron within the wetland obtained using a 
close interval membrane equilibrator.  Large changes in profile concentration were likely due to effects of 
plant roots.  SOURCE: Reprinted, with permission, from Hunt et al. (1997).  © 1997 by Kluwer Academic 
Publications. 
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2.  stream hydrograph separation (using both physical and chemical methodologies) to discern base-
flow, stormflow, and new and old water components; 

3.  identification of flowpaths using environmental isotopes, temperature, and tracer tests;  
4. installation of monitoring wells and meteorological stations throughout the study watershed; 
5. remote sensing with ground-truth of vegetation and moist soils to find possible correlations with 

discharge zones; and 
 6. synthesis of these data with coupled groundwater and surface water models that encompass the 
entire hydrologic system.   
 

The models can be used to gain insight into processes and to identify data needs even when parame-
ter uncertainty precludes accurate characterization and prediction.  The models should be at the appropriate 
scale for the data collected.  Thus, nested models would be used for simulating site-scale data and resulting 
parameters would be used directly or up-scaled for a larger scale model that includes the regional data (such 
as streamflow) (Chapter 4).  

Finally, it should be noted that comprehensive data sets with large spatial and temporal coverage 
would be useful to assess scaling and the effects of heterogeneity at various scales. 
 
 

Mountain and Valley 
 

Mountain-dominated terrains constitute 20 percent of the earth's surface (Forster and Smith, 1988a).  
Mountainous terrain is found in several parts of the U.S.:  the Western mountain ranges, the Basin and 
Range province, the Pacific Coastal Range/Central Valley of California, and the Appalachian region.  The 
mountainous portions (uplands) are often rugged and are composed of exposed rock, or may have a weath-
ered zone of a few tens of meters and be covered with vegetation, making direct measurements of ground-
water recharge difficult (Forster and Smith, 1988a).  The water table associated with the valley sides (slop-
ing bedrock and alluvial fans) tends to be located in the bedrock or found near the base of thick alluvial de-
posits (Figure 2-5) making direct measurements costly (Forster and Smith, 1988a, b).  Valley lowlands are 
covered by alluvial sediment.  Sources of recharge to mountain and valley settings include diffuse direct 
infiltration of precipitation, including melting snowpack, to the mountain mass, valley slopes and lowlands.  
Discharge in these systems occurs locally as focused spring flow and seeps, and as diffuse inflow to streams 
and as focused discharge as water is transpired or lost  to the atmosphere by direct soil evaporation in the 
riparian zone.  Discharge measurements in these settings generally rely on standard stream gauging tech-
niques and estimates of evapotranspiration.  

In arid regions of the Western U.S., especially the Basin and Range province, closed basins sur-
rounded by mountains may contain dried up lakes known as playas.  In this setting focused recharge infil-
trates the alluvium around the edge of the basin from streams that enter the basin from the surrounding 
mountains.  Groundwater converges toward the playa where phreatophytes discharge groundwater.  

In many mountain-valley groundwater system investigations and watershed models, water balance 
approaches are used to compute groundwater recharge or discharge rates by difference.  Fluxes are then re-
lated to precipitation by developing a factor used to convert precipitation data to groundwater recharge (e.g., 
Maxey and Eakin, 1949).  Discharge rates are measured when possible (e.g., changes in groundwater base-
flow to streams) and estimated when the process is diffuse (e.g., evapotranspiration).  For an example of the 
application of these methods see Lambert and Stolp (1999) for the Tooele Valley, Utah.  

A benchmark watershed to study recharge and discharge in this hydrogeologic setting might include 
the following field components. 
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FIGURE 2-5  Mountain valley and playa hydrogeologic.  SOURCE:  Reprinted, with permission, from Winter (2001).  © 
2001 by American Water Resources Association. 

 
 

1.  Quantification of focused and diffuse recharge and discharge requires quantification of precipita-
tion, snowpack storage, vegetation and runoff.  Application of appropriate analytical techniques requires 
consideration of climatic data, distribution of soils, vegetation types and densities, and topographic setting.  
Mass and energy budget techniques need to be applied to define the fate of basin sources and sinks of water 
(Winter, 1981; Reiner et al., 2002).   

2.  Micrometeorological data such as net radiation, temperature, humidity, rainfall, snowpack, and 
wind data combined with soil moisture and soil heat flux information should be collected using remote re-
cording meteorological stations strategically placed in the lowland, valley slope and upland portions of a 
study site.  Land use and soil types, and vegetation types, densities and properties such as leaf area indexes, 
need to be spatially and temporally identified. Basin wide data collection over a number of annual cycles 
could be accomplished using a variety of remote sensing techniques, including airborne and satellite plat-
forms supported by ground truth studies.   

3.  Quantifying the portion of basin recharge entering the bedrock mountain region would be based 
on the collection of hydrogeologic data sets at and immediately adjacent to the alluvial-bedrock contact 
within the primary recharge area.  Nests of monitoring wells paralleling the mountain front and located 
along downgradient flowlines outfitted with continuous water level recorders could generate time dependent 
three-dimensional images of groundwater potential.  Aquifer testing would provide estimates of hydraulic 
properties.  Geophysical surveys would determine the depth of valley fill and its stratigraphy.  In addition, 
the chemistry of the precipitation, stream flow (where present), and mountain mass (spring discharge) and 
alluvial groundwater at and downgradient of the mountain mass-alluvial fan interface would be obtained. 
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Physical and geochemical data would be used to compute flux rates from the mountain bedrock into the al-
luvial sediments.  Analysis of isotopic signatures of snowpack might prove useful in determining the role of 
melting snowpack in recharging groundwater. 

4.  Focused recharge occurs as water from streams originating in the mountains flows across the ad-
jacent alluvial fans.  Recharge could be estimated from stream flow losses measured by performing standard 
seepage runs of these streams in conjunction with electrical resistance sensors (Blasch et al., 2002) to indi-
cate streamflow timing.  A research basin would include a number of continuous recording stream gauging 
stations to provide continuous information on seepage rates.   

5.  In the discharge areas, stream groundwater exchange in valley systems with rivers could be 
quantified using seepage runs and gauging stations.  Riparian vegetation mapping, using airborne and satel-
lite platforms, tied with climatic data and modeling would be used to estimate diffuse discharge.   
 
 

Coastal/Estuarine 
 

Coastal areas (Figure 2-6) are the terminus of groundwater flow systems; in some cases reflecting 
discharge from a local-scale flow system bordering the coast, and in other cases reflecting the distal end of a 
confined or unconfined regional flow system.  Environments of interest include open coastlines, embay-
ments where discharge may be focused, and estuaries at the mouths of rivers.   

Freshwater seepage below the high tide line is called submarine groundwater discharge or SGD 
(e.g., Burnett et al., 2002; Taniguchi et al., 2002).  Two factors greatly complicate the analysis of groundwa-
ter discharge in the immediate vicinity of the coastline: the position of the salt water interface influences the 
location of discharge sites, and tidal fluctuations cause reversals in the groundwater flow direction.  Estuar-
ies can pose an additional challenge if salt water moves in and out of the river channel during tidal cycles 
and with seasonal variations in river discharge.  

A large body of literature exists on the behavior of the salt-water interface, especially the response 
of the interface to pumping from coastal wells.  Most research has been on the landward movement of salt 
water in a coastal aquifer.  Surprisingly less attention has been paid to the complementary case of freshwater 
discharge into the near-shore marine environment.  In part this may reflect the difficulty of measuring direct 
discharge into the coastal zone (Burnett et al., 2001).  The importance of SGD in the near-shore marine envi-
ronment is primarily related to the delivery of nutrients such as nitrogen or phosphorous to the marine eco-
system.  In areas with industrial development, SGD can be a significant pollutant vector in the coastal zone.  
The salt-water interface can be viewed as a hydraulic barrier to freshwater discharge.  Where the freshwater 
flux is higher, it is able to displace the interface seaward and create a region within and beyond the intertidal 
zone where freshwater discharges through the seabed (Figure 2-7).  It is unlikely that this process will be 
spatially uniform.  Furthermore, tidally-driven and convective mixing processes within the upper few meters 
of the seabed cause this freshwater to co-mingle with the infiltrating saline water, so that observations of 
discharge at the seabed nearly always carry a significant seawater component (known as re-circulated sea 
water). 

In an unconfined aquifer, the magnitude of the freshwater discharge generally decreases exponen-
tially with distance offshore, and is likely to be limited to a distance offshore that roughly corresponds to a 
length two to three times the thickness of the unconfined aquifer (McBride and Pfannkuch, 1975).  In set-
tings with lower seaward groundwater fluxes, the freshwater discharge is likely to be predominantly occur-
ring on the seepage face that forms during a falling tide.  In a coastal setting where a confined aquifer ex-
tends offshore, it is possible for freshwater to migrate substantial distances beyond the coastline, perhaps 
several tens of kilometers or more.  This freshwater may leave the system as either a diffuse upward leakage  
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FIGURE 2-6  Coastal hydrogeologic setting.  SOURCE:  Reprinted, with permission, from Winter (2001).  © 2001 by 
American Water Resources Association. 
 
 

 
 
FIGURE 2-7   = Schematic depiction of processes associated with submarine groundwater discharge.  Arrows indicate 
fluid movement.  SOURCE:  Modified from Taniguchi et al. (2002). 
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BOX 2-3 

Measuring Submarine Groundwater Discharge 
 

A team of researchers sponsored by the Scientific Committee on Oceanic Research, the Land-Ocean Interac-
tion in the Coastal Zone Project, and the Intergovernmental Oceanographic Commission, has been carrying out experi-
ments to compare different methods of estimating submarine groundwater discharge (SGD) in the near-shore marine 
environment.  To date, measurements have been made at three sites; the Florida State University Marine Lab on Apala-
chee Bay in the northeastern Gulf of Mexico, in Cockburn Sound south of Perth, Australia, and in Long Island Sound, 
New York.  The experiment in Florida (Figure 2-8) illustrates the approach of this interdisciplinary team of oceanogra-
phers and hydrogeologists (Burnett et al., 2002). 

Three principal techniques have been compared to estimate the magnitude of submarine groundwater dis-
charge: (1) direct measurement with manual and automated seepage meters, (2) isotopic techniques that use natural 
geochemical tracers to estimate the component of SGD present in the water column above the seabed, and (3) hydro-
geologic modeling.  Manual seepage meters to measure flow directly, and both heat-pulse and ultrasonic automated 
recording meters were placed on the seabed.  The main tracers examined were radon and radium isotopes.  A series of 
piezometers on the beach and in the offshore zone provided the key data for constructing a hydrogeologic model of the 
site. 

The three types of seepage meters yielded similar estimates in side-by-side deployments.  Automated meters 
provide the advantage of yielding a continuous record of the seepage that can be correlated to the tidal cycle (Figure 2-
9).  There was also reasonable consistency between the estimates of SGD derived by integrating the point estimates of 
SGD from the seepage meters across a zone extending 200 m offshore, with the estimates derived from geochemical 
tracers.  Predictions of SGD using a density-dependent groundwater flow model yielded values for the offshore dis-
charge that were approximately one order of magnitude smaller than these estimates.  Work is continuing to understand 
this discrepancy.  One possibility is that the hydrogeologic model did not account for transient processes that occur at 
the seabed, such as tidal pumping, the effects of which should be recorded by the other techniques.  
 

 
FIGURE 2-8.  Schematic view of the near-shore experimental site on Apalachee Bay, northeastern Gulf of Mexico.  
Closed circles are seepage meters; circles with crosses are nested piezometers.  SOURCE: Reprinted, with permission, 
from Burnett et al. (2002).  © 2002 by American Geophysical Union. 
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FIGURE 2-9.  Records of (a) automated and manual seepage measurements at station Y4 (left-hand scale) and water 
depth (right-hand scale); and (b) seepage flux estimates based on modeling radon measurements.  The gray dashed 
lines in (b) are 25% uncertainties of the estimates.  SOURCE:  Reprinted, with permission, from Burnett et al. (2002).  
© 2002 by American Geophysical Union. 
 
 
 
 
across the confining bed, or as freshwater springs on the seabed where fractures or solution features focus 
discharge. 

SGD occurs in a dynamic hydrologic environment.  Driving forces originate both on land (e.g., 
fluid pressures beneath the sea bed that exceed the seafloor hydrostat, or a response to a local precipitation 
event in an unconfined system), and in the ocean (wave action, diurnal and spring / neap tides).  Measure-
ment techniques for SGD have been developed by both oceanographers and hydrogeologists.  Oceanogra-
phers have emphasized the interpretation of various natural geochemical tracers as an indicator of the pro-
portion of freshwater in the marine water column (Burnett et al., 2002).  Examples of these tracers include 
methane, radon gas and radium isotopes.  Tracer techniques provide a spatially averaged estimate of SGD.  
Hydro-geologists have used direct measurement techniques such as seepage meters placed on the seabed 

Copyright © National Academy of Sciences. All rights reserved.

Groundwater Fluxes Across Interfaces 
http://www.nap.edu/catalog/10891.html

http://www.nap.edu/catalog/10891.html


Diffuse and Focused Recharge and Discharge  31 
 

 
 

 

(Taniguchi, 2002), or calibrated discharge using land-based groundwater flow models (Burnett et al., 2002).  
They have also inferred the magnitude of SGD using borehole temperature data (Taniguchi et al., 1998), 
pore pressure measurements (Davis et al., 1991; Schultheiss, 1990) or other techniques in conjunction with 
electrical conductivity (Harvey et al., 1997; Vanek and Lee, 1991) or temperature mapping (Henry et al., 
1992).  Where comparisons have been made among these various approaches or techniques, there has not 
always been uniform agreement among the estimates (see Box 2-3).  Airborne thermal mapping has been 
successful in locating areas with enhanced SGD.  Direct measurement of SGD is more problematic if the 
seafloor is rocky and bare of sediment, unless it occurs as focused discharge at a karst spring.  At times or at 
sites with high surf, it is difficult if not impossible to seat any measurement devices on the seabed.    

There is only limited understanding of the character of spatial and temporal variations of SGD, 
which creates difficulties in deciding upon sampling plans for direct measurement of SGD.  It is possible 
that relatively small differences in the silt content of the seabed sediments may create substantial focusing of 
discharge below the low tide line.  Other, still ill defined processes may also be involved.  At Waquoit Bay 
on Cape Cod Massachusetts, measurements of seepage fluxes using a large array of seepage meters yielded 
a pattern of discharge that could not be explained with simple hydrologic models (Michael et al., 2003).  
There is a clear need for the accumulation of field observations in a number of different coastal settings, 
with differing geology, and differing magnitudes of the seaward movement of freshwater.   

To a degree, benchmark sites to study discharge in this hydrogeologic setting already exist (Box 2-
3).  Several coastal LTER sites also exist – Florida Coastal Everglades, Georgia Coastal Ecosystems, Vir-
ginia Coast Reserves, and Plum Island Ecosystem.  Research on small-scale flow systems has already been 
done at several of these sites.   
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3 
Interactions of Groundwater with Climate 

 
 
 
 
 

Water and energy are freely exchanged among the continents, the atmosphere, and the oceans, and 
these exchanges are, in many ways, the defining characteristics of climate. Groundwater is by far the largest 
unfrozen stock of fresh water (Maidment, 1993).  In some cases, the physical processes of interaction be-
tween groundwater systems and climate are well understood qualitatively, but quantitative and practical 
consequences are unknown. In other cases, interactions may be speculative or yet undiscovered. 

Climate and the hydrogeologic environment are the joint controls of groundwater recharge, dis-
charge and storage. Amounts and pathways of aquifer recharge differ greatly from humid to arid climatic 
regions, with consequent influences on groundwater storage and discharge.  Temporal changes in climate are 
reflected in groundwater fluxes, albeit with dampening of high-frequency variations  

Not so obvious is that groundwater fluxes may have significant reciprocal impacts on climate and 
climate-related aspects of the Earth system. Groundwater fluxes are a component of the surface water bal-
ance, which is tightly coupled to atmospheric processes and, thus, to climate.  Because groundwater is one 
of the major reservoirs in the hydrosphere, changes in its volume would also be reflected ultimately by 
changes in sea level.   

Groundwater may also play an important, indirect role in determining climate by affecting atmos-
pheric composition.  Atmospheric concentrations of radiatively active gases such as carbon dioxide and 
methane are determined partially by exchanges with the continents.  Such exchanges may be affected by 
water fluxes between the atmosphere and land and by biogeochemical processes near the land surface.  The 
latter can be strongly influenced by soil moisture, which may be influenced by groundwater (e.g., high water 
tables), with consequences for soil aeration, microbiological activity, and greenhouse gas emissions.  This is 
particularly true for northern peatlands.  The location of the water table determines whether the peat is sub-
jected to aerobic or anaerobic decomposition rates, which are substantially different, and the subsequent re-
lease of methane and carbon dioxide.”   

This chapter focuses on three topics: how climate affects groundwater fluxes, how groundwater 
fluxes affect climate, and how groundwater storage may have potential to indirectly affect the composition 
of the atmosphere, especially greenhouse gasses.  Many kinds of studies within these areas could be done at 
the benchmark sites recommended in Chapter 2. 
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INFLUENCE OF CLIMATE ON GROUNDWATER 
 

Groundwater recharge is determined to a large extent as an imbalance at the land surface between 
precipitation and evaporative demand; the latter depends primarily on the surface radiation balance and also 
on atmospheric temperature, humidity and windspeed.  When precipitation exceeds evaporative demand by 
an amount sufficient to replenish soil-water storage, any further excess flows deeper into the ground, arriv-
ing at the water table as recharge.  Groundwater systems, therefore, respond to temporal variations in cli-
mate.  Because of the relatively slow response of many groundwater systems to changes in forcing (Townley, 
1995; Haitjema, 1995), however, they tend to reflect much more the low-frequency “climate” signal than the 
high-frequency “weather” fluctuations (e.g., Box 3-1).  This tendency contributes to the value of groundwater 
as a resource by imparting to it a high degree of temporal stability.  It also can cause significant lags between 
climate changes and the resultant changes in groundwater characteristics.  

Given the relatively long response times of groundwater systems, it is the climatic variations at 
longer time scales that most strongly influence changes in groundwater discharge.  At shorter time scales, 
groundwater recharge will be affected by the short term variations of precipitation and evapotranspiration, 
and their relative magnitudes.  Long term trends in the balance between precipitation and evapotranspiration 
(decades to centuries), caused by either long term variability or by anthropogenic global change, can be ex-
pected to cause fundamental changes in distributions of groundwater recharge (Vaccaro, 1992) and avail-
ability.  

As an example of the impact of climate warming on recharge, the melting ice sheets may have con-
tributed significantly on recharge to confined aquifer systems (e.g. Breemer et al., 2002).  Geochemical evi-
dence exists suggesting many confined aquifer systems of North America and Europe have experienced 
high recharge rates via sub-ice sheet recharge during the last glacial maximum (e.g., Siegel, 1991; Siegel 
and Mandle, 1994).  Evidence for this paradigm comes from observations of isotopically light, low-salinity 
groundwater within the discharge area of the Williston Basin.  Grasby et al. (2000) presents compelling evi-
dence that the recharge beneath the Laurentide ice sheet reversed groundwater flow directions during the 
last glacial maximum.  Since ice sheets were the dominant land cover of northern latitudes for the last 2 mil-
lion years (Peltier, 1998), ice sheet topography may have controlled recharge to deep aquifer systems in 
Canada and northern North America.   

In more recent times and at shorter time scales, climate variability and change also affect rates of 
groundwater recharge and discharge.  For example, a rising water table may increase the near-surface soil 
moisture and streamflow, causing major changes in surface vegetation and ecosystems, in the extreme by 
creating or expanding wetlands and thereby affecting surface processes that influence recharge/discharge 
rates.  Conversely, a decline in the water table may significantly reduce evapotranspiration and surface water 
discharges, also affecting vegetation and ecosystems.  Changes in groundwater discharge may influence flu-
vial and estuarine habitats.  Pumpage from developed aquifers also depend on evapotranspiration rates, 
growing season lengths, temperatures, and other climatic variations. 

Groundwater hydrologists recognize these strong controls on groundwater recharge and discharge 
by climate.  It is recognized, for example, that in arid regions much of the water being exploited today 
comes from aquifers that were recharged at higher rates during wetter or cooler conditions in the past (e.g., 
Zhu et al., 1998).  Paleoclimate descriptions and data offer an important tool for providing long-term de-
scriptors between climate variability and groundwater, especially as it affects lake levels.  For example, 
Smith, A. et al. (2002) showed that about 5000 years ago, Elk Lake (Grant County, western Minnesota) 
dropped over 15 meters in response to the mid-Holocene warm period when the prairie-forest border shifted 
eastward from the Minnesota-North Dakota into Wisconsin.  An extensive quantitative database exists for 
North America characterizing changes in climate during the Holocene and late Pleistocene using climatic 
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BOX 3-1 

Amplification of Seasonal to Century Scale Oscillations 
in Closed Basins: The Role of Groundwater Fluxes in a Mountain-Front Setting 

 
Mountain-front recharge and surface-groundwater interaction have a central role in closed-basin-lake re-

sponse, forced by climate fluctuations at seasonal, interdecadal and century time scales.  The hydrologically 
closed mountain and basin systems of the Great Basin Physiographic region of the western United States, and 
in particular the Great Salt Lake basin, in north-central Utah, creates an ideal environment to study the impact 
of climate variability on a terrestrial system where subsurface flow and discharge to mountain-front streams 
are forced by orographic precipitation and basin evaporation.  Shun and Duffy (1999) hypothesized that the 
water cycle within topographically and hydrologically closed landforms of the Great Basin represent a multis-
cale averaging of the climate signal.  They further hypothesized that dominant time scales of streamflow and 
lake level are determined by the space-time scales of storage within the system.  

A conceptual model of the hydrogeology of the Wasatch-Front (Shun and Duffy, 1999) suggests that 
groundwater may play an important role in the interannual and decadal-scale dynamics of lake levels through 
stream-aquifer interaction and groundwater discharge.  Deep groundwater upwells and discharges to the low 
end of streams before entering the Great Salt Lake (GSL).  The ultimate source of this water is recharge at 
high elevations through the mountain block and mountain-front, and channel losses across the alluvial depos-
its adjacent to the mountain-front.  

The GSL historical record is one of the longest measured climatic records in North America.  The lake 
volume spectrum for the period 1847-1997 is shown in Figure 3-1.  The labeled, filled circles on the graph at 
the edge of, or beyond, the noise spectrum, represent probable signals amid the noise.  While the annual signal 
shows up strongly, lower-frequency (long period) interdecadal oscillations (i.e., the points labeled 11 and 14 
years on Figure 3-1) are also prominent.  The rivers along the Wasatch Front have the same spectral signature 
(not shown) as the low-frequency modes in the Great Salt Lake, suggesting that areal recharge and losing-
gaining streams crossing the mountain-front contribute substantial amounts of ungaged flow to deep ground-
water in the upper parts of alluvial fans that ultimately returns as baseflow (feedback) to the lower reaches of 
streams before entering the lake, or as underflow from fractured bedrock to basin sediments. 

The relation of the time scale of runoff to altitude is further demonstrated with the “noise-removed” pre-
cipitation-temperature-runoff phase-plane plots at three elevations in the Wasatch Range (Figure 3-2).  Note 
that at high elevation, monthly runoff is closely correlated with monthly precipitation and temperature, while 
at low elevation the dampening effect of upwelling groundwater smears this correlation.  Research is neces-
sary to explore what this behavior can tell us about unsaturated moisture flow, feedback and coupling of sur-
face and groundwater at multiple elevations, and resonance–like effects that may arise from stochastic and pe-
riodic forcing in such systems.  
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FIGURE 3-1 The spectrum for the historical record of the Great Salt Lake produced from bimonthly 
volume time series 1847-1997.  The labeled, filled circles on the graph represent probable signals 
above or at the upper range of the noise envelope.  Aside from the annual and semi-annual signals 
(indicating the obvious effect of yearly and seasonal changes in temperature and precipitation on 
runoff), interdecadal oscillations (i.e., the points labeled 11 and 14 years on Figure 3-1) are also 
prominent.  This suggests that the groundwater basin may be amplifying these lower-frequency 
components of the climate signal.  SOURCE: Reprinted, with permission, from Shun and Duffy 
(1999).  © 1999 by American Geophysical Union. 
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FIGURE 3-2  The 40yr “Noise-removed” precipitation-temperature-runoff (P_T_Q) phase-
plane plot for three elevations along the Wasatch Front.  These three variables represent the 
mountain-front water cycle, with each loop representing one year.  At high elevation, oscillation 
is tightly bound (i.e., monthly runoff is closely correlated with monthly precipitation and tem-
perature), reflecting the influence of seasonal conditions, while the low-elevation oscillation for 
P_T_Q is smeared out, representing the dampening effect of upwelling groundwater.  This low-
frequency contribution to runoff is derived from the climate but is amplified by the long-time 
scales of mountain-front recharge and valley discharge.  SOURCE: Reprinted, with permission, 
from Shun and Duffy (1999).  © 1999 by American Geophysical Union. 
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reconstructions based on lake-sediment cores.  Quantitative reconstructions of paleoclimate have been de-
veloped using spatial and temporal changes in the assemblages of aquatic plant macrofossils, ostracodes, 
diatoms, pollen and chironomids, as well as sediment geochemistry and sediment facies information to infer 
changes in lake levels, paleo lake salinity, precipitation, and temperature (e.g. Bartlein and Whiltlock, 1993; 
Bernabo and Webb, 1977; Webb et al., 1998; Fritz et al., 2000).  Filby et al. (2002) demonstrated paleocli-
matic reconstructions based on pollen-transfer functions could reproduce mid-Holocene lake levels (four 
meters below modern) using a hydrologic model of groundwater-surface calibrated using a modern histori-
cal records of hydrologic stresses within the Shingobee watershed in Northern Minnesota.   

For influence of climate variability on groundwater more recently, lake shore reconstruction through 
historical data bases can provide important information when linked to historical climate variability.  For 
example, Donovan et al. (2002) used air photo analysis of lake shore lines across a glaciated watershed in 
Grant County, western Minnesota to document historical declines in lake and aquifer levels by over 5 m in 
response to drought conditions during the dust bowl (1923-1938).  All but the deepest, lowest elevation 
lakes completely dried up during this time period.  

With respect of the influence of potential effects of climate change on major aquifer systems, the 
above paleo and historical analyses can help in providing a setting for anticipated change, and for the model-
ing studies of anticipated change on groundwater systems.  For example, Loaiciga et al. (2000) developed 
alternative scenarios of future temperature and rainfall in south-central Texas based upon projections from 
seven general circulation models (GCMs) of a doubling of carbon dioxide in the atmosphere.  The scenarios 
of temperature and rainfall were used to calculate recharge of the aquifer, which occurs primarily through 
seepage of water from streams that cross the aquifer.  The impacts of these scenarios on water levels and 
natural springflows were assessed for different rates of groundwater pumping.  Most of the scenarios 
showed that water resource problems that already exist in the area would be exacerbated. 

Rosenberg et al. (1999) analyzed the prospects for recharge rates of several regions of the Ogallala 
aquifer under climate change by analyzing climate predictions for 30 different scenarios of three GCMs, 
including four levels of temperature and three levels of CO2 concentration. A hydrologic model, HUMUS, 
was coupled in daily time-steps to a vegetation-crop model to estimate irrigation needs and evapotranspira-
tion.  

Other studies include Bouraoui et al.’s (1999) simulations of reduced groundwater recharge near 
Grenoble, France, mostly due to increases in evaporation during the recharge season, and Vaccaro’s (1992) 
study of the climate sensitivity of groundwater recharge for the Ellensburg basin of the Columbia Plateau in 
Washington.  Another useful approach is to evaluate the response of a groundwater system to climatic condi-
tions in the past through an analysis of paleowaters (e.g., Remenda et al., 1994).  Despite these and a few 
other studies, the vulnerability of groundwater systems to climate changes and the implications for society 
and ecosystems remain poorly explored. 

Climate variation and change will affect groundwater systems primarily by changing the rates and 
distributions of recharge of water to aquifers, the discharge of water from aquifers, and the removal of 
groundwater from aquifers by plants and human activities as near-surface water availability and energy in-
puts change.  At long time scales, the salinity conditions and discharge at the freshwater/salt water interface 
of coastal aquifers may (or may not) be in equilibrium with modern ocean levels and conditions (Kohout, et 
al., 1977; Essaid, 1990; Voss and Andersson, 1993), and a better understanding these conditions and the un-
derlying causes would enhance the understanding of climate-scale variability of coastal aquifers.  Therefore, 
a better understanding of how groundwater recharge, discharge and demands vary with climatic fluctuations 
and change will be the first and most essential requirement for addressing the broader question of climate 
impacts on both the surface and subsurface hydrology.  

For changes in the last century, preservation and analysis of groundwater level records in areas un-
affected by direct human influences will be particularly useful.  Streamflow records also contain information 
on spatially integrated, historical variations in groundwater discharge and these records should be fully ex-
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ploited.  Baseflow separation techniques can be combined with other data, such as that from chemical trac-
ers, to provide increased confidence in physical interpretations.  For information over a range of time scales, 
additional isotopic and geochemical studies of groundwater would be useful.  The isotopic signature of wa-
ter is a function of climatic factors such as temperature and humidity, and could inform investigations of 
natural climatic variations and of anthropogenic climate change (e.g., Shanley et al. 1998).   

For regional to continental scales, satellite gravimetry (e.g., NASA’s Gravity Recovery and Climate 
Experiment, or GRACE; see Box 4-1) shows promise for identifying changes in the water table by periodi-
cally measuring the Earth’s gravity field (Wahr et al., 1998; Rodell and Famiglietti, 1999).  Altimetric tech-
niques, such as Interferometric Synthetic Aperture Radar (InSAR) (Amelung et al., 1999), laser and micro-
wave altimetry, and global positioning systems (van Dam et al., 2001) permit measurement of vertical dis-
placements of the land surface that can be directly indicative of subsurface pressure changes and/or chang-
ing groundwater loads.  Altimetry may also prove useful for synoptic monitoring of surface-water levels that 
can be indicative of changes in either discharge or groundwater storage, depending on hydrogeologic 
framework. 

Once recharge, discharge, and demand responses to climate variations can be projected with some 
level of confidence, any number of existing methods and models of groundwater resources and responses to 
change can be employed to assess the eventual vulnerabilities of groundwater systems (as parts of the natu-
ral world and human resource-supply systems) to long-term climate change. 
 
 

INFLUENCE OF GROUNDWATER ON CLIMATE 
 

Areas of groundwater discharge moisten and cool the atmosphere, with desert oases providing one 
example of this phenomenon.  Similarly, persistent temporal anomalies in groundwater storage could condi-
tion local anomalies in climate, as climate is sensitive to water and energy balances (Yeh et al., 1984; Milly 
and Dunne, 1994).  The partitioning of precipitation into runoff and evapotranspiration, and the partitioning 
of available radiation into sensible and latent heat fluxes (directly related to evapotranspiration) into the at-
mosphere establish boundary conditions that help drive both the atmospheric and oceanic circulations.  The 
surface-water-balance partitioning is thus at the crux of these controls. 

To the extent that groundwater systems influence evapotranspiration and runoff, they will influence 
climate.  From a surface perspective, groundwater flow systems collect recharge from certain parts of the 
landscape, store it, and redistribute it to other parts of the landscape as discharge.  These processes provide 
non-local and temporally stable sources of water for evapotranspiration and induce runoff of precipitation in 
groundwater-discharge areas.  Thus, spatial and temporal characteristics of groundwater flow systems have 
the potential to alter the spatial and temporal patterns of water-balance partitioning (Salvucci and Entekhabi, 
1995), and ultimately climate. For the same reasons, groundwater fluxes may influence sensitivities of water 
balance and climate to external forcing, such as land-cover change. 
 
 

Influences on Climate Projections 
 

The well-recognized and central importance of conditions very near the land surface for water-
balance partitioning (Milly, 1994a,b) has perhaps obscured the potential importance of groundwater systems 
to affect atmospheric interactions.  Most atmospheric models used for climate simulation have a one-
dimensional representation of “soil moisture” that conceptually represents water in the plant root zone.  Of-
ten, effects of groundwater must be parameterized in terms of, or “aliased” into, the “soil moisture” variable.  
While models may be tuned to account for some resulting biases, the confidence in the ability of the model 
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to represent sensitivities to climatic variations must be questioned.  A few investigators have recently incor-
porated the effects of landscape and lateral soil-water flow (i.e., interflow) on water balances (Famiglietti 
and Wood, 1994; Stieglitz et al., 1997; Koster et al., 2000).  Continued progress may result from considera-
tion of greater time and space scales, beginning perhaps with representation of the permanent water table 
within a landscape-based framework (Salvucci and Entekhabi, 1995; Winter, 2001). 

In current weather-prediction and climate models, the partitioning of water and heat at all land sur-
faces is largely dependent on the availability of water in soil layers that extend down through the root zone 
(or slightly below).  In the past decade, the weather-prediction community has learned that (short term) 
weather variations and predictions are sensitive to imposed or parameterized soil-moisture conditions (e.g., 
Atlas et al., 1993; Beljaars et al., 1996; Paegle et al., 1996).  Climate models also are sensitive at both local 
and continental scales, to the parameterization and behavior of soil moisture (e.g., Charney, 1975; Xue and 
Shukla, 1993; Zeng and Neelin, 2000).  Soil moisture, through its influence on the partitioning of heat and 
moisture fluxes at the land surface, provides potentially important feedbacks affecting continental precipita-
tion and temperatures by modulating the Bowen ratio and (on climate time scales) vegetation land cover 
with its effects on albedo and roughness of land surface, which in turn modulate the forms and intensities of 
heat and momentum fluxes into the atmosphere on a variety of time scales.  

The response time of many groundwater systems will greatly exceed that of some types of climate 
change (e.g., century-scale “greenhouse” global warming).  Such systems will provide a stabilizing influ-
ence, continuing to deliver discharge that has already been “in the pipeline” for hundreds or thousands of 
years.  These discharges are probably not large enough to be a major influence on global climate.  However, 
groundwater influences at regional and, especially, local scales, where society interacts with groundwater 
systems, are more uncertain and variable, and therefore are an issue deserving careful evaluation, especially 
as our climate simulations telescope to increasingly small scales in the near future.  Furthermore, given the 
nonlinear nature of hydrologic and Earth system processes, groundwater may alter the perceptible time 
scales of those processes (e.g., Duffy, 1996). 
 
 

Influence of Changes in Groundwater Storage on Sea Level Rise 
 

Sea-level rise during recent decades has been estimated to be 1.0-2.0 mm/y (IPCC, 2001), and the 
true value may be near the upper end of this range (Douglas and Peltier, 2002).  Such a large rise is not fully 
explained by expansion due to ocean warming and glacier- and icecap-storage changes.  Because groundwa-
ter is one of the major reservoirs in the hydrosphere, changes in its volume are likely to be reflected in the 
ocean volume.  For example, a comprehensive tabulation of groundwater from the Mississippi River basin 
(Milly and Dunne, 2001), including much of the High Plains aquifer, suggests a contribution to sea-level rise 
on the order of 0.02 mm/y from groundwater-level changes in that basin.  Groundwater mining thus could 
be a contributor to changes in ocean mass.  Crude estimates of the global scope of mining (Gornitz, 2000) 
support this hypothesis, but leave a wide range of uncertainty.  Extensive drainage of wetlands during the 
past century also may have contributed to sea-level rise, as may natural fluctuations in groundwater storage 
driven by climatic variability (P. C. D. Milly, USGS, written commun., 2003). 

The following are needed in order to examine the consequences and importance of feedback 
mechanisms between groundwater and climate: 
 

(1) Monitoring of groundwater-storage changes at large scales and over long observational periods 
as an indicator of climate and water cycle change on the largest scales.  This can be done by detecting small 
changes in land-surface elevation (InSAR) and gravitational potential (Rodell and Famiglietti, 1999; 2001; 
2002), properly validated with ground-based physical or geophysical measurements of groundwater level.   
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(2) Parameterizations of the groundwater function in global climate models for numerical experi-
ments and climate projections.  Key ingredients would include realistic storage parameters and landscape 
partitioning into recharge and discharge areas.  The degree of availability of groundwater for evaporation 
and uptake by plant roots should also be represented in climate models.  Ideally the “nonlocal” (from a sur-
face perspective) distribution of recharge from one area to discharge in another would be included in some 
models.  Development of such parameterizations and models requires regional to global scale maps of 
groundwater recharge and discharge areas, depths to water table, and estimates of evapotranspiration and 
groundwater discharge.  

(3) Large-scale experimental watersheds with simultaneous surface and groundwater monitoring in 
varying climates and with varying aquifer characteristics, as described in chapter 2. 

(4)  Identification of areas that have undergone significant land cover/land use changes and analysis 
of resulting ground-water/surface-water/atmospheric water-balance changes.  Comparisons should be made 
between responses by stand-alone surface water/groundwater models driven by prescribed climate varia-
tions and responses by coupled atmosphere/ surface water/groundwater models.  A promising beginning to 
this - a coupled aquifer-land surface-atmosphere model to study aquifer-atmosphere interactions on decadal 
timescales—was documented by York et al. (2002) and Gutowski et al. (2002).  In the watershed studied by 
York et al. (2002), during periods of persistent drought much of the evapotranspiration that occurred in re-
gional discharge areas was apparently supported by groundwater. 

(5) Comprehensive regional, continental, and global tabulations of groundwater withdrawals, in or-
der to lead to improved estimates of the contribution of groundwater mining to sea level rise.  Such research 
would also have intrinsic value to water-resource managers.  Areas that have undergone significant altera-
tions in water balance through groundwater pumping (e.g., for irrigation) should be identified and the 
changes in water balance and meteorological (e.g., precipitation) impacts assessed.  

 
 

EFFECTS ON ATMOSPHERIC COMPOSITION 
 

Atmospheric composition determines the atmospheric radiation balance, which determines climate.  
To the extent that groundwater systems affect atmospheric composition, they will also influence global cli-
mate.  As humans change global cycling of water, energy, carbon and other chemicals, chemical fluxes at the 
groundwater interface will change; as humans change groundwater systems, they also may inadvertently 
change the global geochemical balances directly or indirectly (through the influence of groundwater change 
on vegetation, riverine, and coastal-ocean systems).  Groundwater may influence atmospheric composition 
in two ways: (1) by modifying the “natural” atmospheric composition, and (2) by driving and modulating 
contemporary anthropogenic changes in atmospheric composition.  
 Of importance, then, are the generally long residence times in groundwater systems, which can 
range from decades to centuries and more.  Changes in chemical composition of groundwater only start to 
show up in groundwater discharge after many years, and continue for many decades and centuries (Weiss-
mann et al., 2002) after atmospheric inputs may have changed. 
 Exchange of radiatively active gases, such as carbon dioxide and methane, between the atmosphere 
and land is sensitive to water fluxes and to the “wetness” and thermal state of the land (which depends in 
many settings upon groundwater discharge) and is important in global geochemical balances (Crill et al., 
1992; Moore and Roulet, 1993; Romanowicz et al., 1993; Siegel et al., 1995).  

One of the major problems related to annual global carbon fluxes is an apparent deficit of ~2 giga-
tons (Gt) C/yr. in some budgets (e.g., Sundquist, 1993).  Dissolved carbon in precipitation that recharges 
groundwater systems dissolves minerals by hydrolysis (Equation 1).  In this process, the dissolved CO2 is 
sequestered as dissolved inorganic carbon, the amount depending on the mineralogical composition, the ex- 
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TABLE 3-1  Estimation of Carbon Sequestration in Groundwater Per Meter Rise in Water Table  
Area of Continents (m2) 7.5E+13 
Liters/m3 1,000 
Estimated HCO3 concentration (mgC/L) 37.3 
Porosity (assumed) 0.2 
Increase in water table (m) 1 
  
Multiplying the above terms out  
  
Carbon sequestered as dissolved carbon (mg) 5.6E+17 
Carbon sequestered as dissolved carbon (kg) 5.6E+11 
Carbon sequestered as dissolved carbon (Gt) (1 Gt=10E+12 kg) 0.56 
Percent of budget deficit ~30. 
SOURCE: D. Siegel, Syracuse University, written communication, 2003.   
 
 
 
tent to which the groundwater system is open or closed to soil CO2 replenishment, reaction rates, and resi-
dence time.  
 

Equation 1. Carbonate and silicate minerals +n CO2 + H2O = dissolved inorganic carbon 
(DIC) + base cations  + silica + clay minerals. 

 
A simple calculation (Table 3-1) shows that the amount of soil CO2 that can be temporarily seques-

tered in ground water is very large.  Assume that 1) the water table rises 1 meter over half of terrestrial earth, 
2) the concentration of dissolved inorganic carbon is 37.3 mgC/L of ground water (the arithmetic average of 
data in White et al., 1963), and 3) the porosity of shallow unconsolidated aquifers is ~20 percent.  

Multiplying the terms together produces ~30 percent of the carbon deficit per meter rise of the wa-
ter table.  Obviously, most of the terms in this crude estimate are unknown.  More carbon would be seques-
tered in groundwater if the water table on average rises more, or if dissolved inorganic carbon concentra-
tions were closer to equilibrium with carbonate minerals at typical open conditions.  Groundwater at a typi-
cal soil PCO2 of 0.01 atmospheres, under open conditions and equilibrated with calcite, contains about four 
times as much dissolved carbon as is found in the same volume of soil gas (based on calculations made with 
the geochemical reaction model PHREEQC, http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/; D. 
Siegel, Syracuse University, written commun., 2003).  Of course, if the average porosity were less, less car-
bon would be sequestered in ground water where the water table rises.  In dry places where the water table 
drops because of the lack of recharge and evaporation, dissolved carbon can also be sequestered as precipi-
tates in the soil zone.   

The simple mass estimates above suggest that carbon sequestering in groundwater recharge may 
play an important role in the global cycling of carbon at a time scale important to climate change. It is pos-
sible that an assumption of steady-state with respect to carbon storage in ground water systems is not appro-
priate.  Anthropogenically sequestering carbon in deep groundwater systems by injection is a major current 
topic of research (McPherson and Lichtner, 2003).  However, little has been done with respect to evaluating 
how carbon is naturally sequestered and lost in shallow groundwater flow systems. 

Research is needed to address the role of groundwater in (1) determining the “natural” atmospheric 
composition, and (2) driving and modulating contemporary anthropogenic changes in atmospheric composi-
tion. Global (or, at least, large scale) quantification of the historical and projected volumes of groundwater 
mined, changes in water table elevations, and estimates of water- and geochemical throughputs in ground-
water systems will be building blocks for studies to address these issues. 
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4 
Spatial and Temporal Scales of Recharge and Discharge 

 
 
 
 
 

Our groundwater resources are highly vulnerable, as each new drought reminds us.  Expected in-
creases in groundwater extraction, increases in societal value of ecosystem function, and changes induced 
by global change (Chapter 3) indicate that forecasting potential variations in groundwater recharge and dis-
charge will become ever more important.  

However, in the context of forecasting recharge and discharge, what length of time is of interest?  
What area of land?  Fluctuations in the Great Salt Lake (Box 3.1) and the Ogallala aquifer occur over time 
scales of decades, centuries, and even millennia.  In contrast, major changes in flows and levels of hillside 
springs and shallow household wells may occur in days or weeks.  Similarly, in terms of spatial scale, town-
ships are concerned with recharge over square kilometers, and river basin planners over significant fractions 
of continents.  We may suppose that the critical scales span weeks to centuries and from tenths of km to tens 
of thousands of km.  How can measurements and estimates for one spatial scale and time period be scaled to 
different geographical areas and different time spans? Issues related to organization of measurements, ob-
servation networks, and modeling studies to address a host of scaling issues are the focus of this chapter. 
 
 

NEXUS OF TECHNOLOGY AND NEED 
 

Evaluations of groundwater fluxes often are based on observations at the scale needed for wetland 
delineation, seep and spring identification, recharge area identification for groundwater protection, or the 
identification of gaining and losing streams.  Estimations of fluxes at larger scales are typically in the form 
of water budgets on a basin scale for river management.  Now, the need to understand the effects of climate 
change has further expanded the range of scales of interest to continental (see Box 4-1) and global scales.  
However, published water-budget estimates at these scales (e.g., Oki, 1995; Dettinger and Diaz, 2000) rarely 
treat groundwater runoff separately from surface water runoff, nor do they separate discharge to the atmos-
phere (e.g., by phreatophytes) from surface-water discharge.  Further, the need to assess anticipated changes 
in climate, land use/land cover, availability of groundwater resources, and trends in water quality begs for a 
predictive capability on many scales in both space and time.   
 Recent advances in technology provide both challenges and potential solutions to address these 
multi-scale needs.  New data collection techniques have generated a plethora of data (much of it from re-
mote sensing).  Concurrent gains in computational power permit us to access and mine these very large data 
sets.  Likewise, advances in simulation capability (e.g., resolution, processes modeled, and processor speed)  
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BOX 4-1 

The Role of Climate Models and Satellite 
Data (GRACE) in Estimating/Mapping Changes in Groundwater Storage 

 
Observing and modeling components of the terrestrial water budget at regional to continental scales is now 

feasible.  Remote sensing of precipitation by satellite (Huffman and Bolvin, 2002) and radiation from geostationary 
satellite (e.g. Pinker and Laszlo, 1992) allows for remote sensing driven hydrologic modeling.  As these models im-
prove through large-scale validation, there is the potential for better understanding of the spatial and temporal varia-
tion of terrestrial water storage (soil moisture and groundwater).  For the results from a 50-year run of the Variable 
Infiltration Capacity (VIC) macroscale model (Liang et al, 1994; Cherkauer et al., 2003) over the Mississippi River 
basin (Figure 4-1), forced with gridded precipitation, air temperature, and other derived forcings from NOAA Coop-
erative Observer stations (Maurer et al., 2002) shows the maximum range of model-predicted soil moisture over the 
50-year period for each grid cell.  Averaged over the Mississippi River basin, and weighted by mean annual precipi-
tation, the range is 29.6 cm.  The upper Mississippi River basin, the Red-Arkansas basin and the eastern side of the 
Rocky Mountain divide are areas of large interannual variation in water storage, and therefore expected large natural 
variability in groundwater levels and recharge.   

As a comparison, early land surface modeling work (Manabe,1969) used a global average soil moisture ca-
pacity of 15 cm, a number that has been widely used in the climate community.  The implication of the early climate 
models is a suppressed coupling between the terrestrial hydrosphere and the atmosphere, resulting in decreased pre-
dictions of evaporation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4-1.  Range in simulated soil moisture content over the Mississippi River basin from the VIC model simu-
lations, 1950-2000.  SOURCE: Reprinted, with permission, from Maurer et al. (2002).  © 2002 by American Mete-
orological Society. 
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An alternate approach to estimating evapotranspiration over large areas is to compute an atmospheric moisture 
balance: 
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where the first term on the left-hand side is the divergence of the atmospheric moisture field (usually computed from a 
column-average effective moisture and corresponding wind field), and the second term is the change in atmospheric 
moisture storage over the domain.  One limitation of this approach is that accurate estimates of the moisture flux con-
vergence require spatial domains that are quite large, typically 106 km2 or greater. 

Ropelewski and Yarosh (1998) describe a moisture balance study of the central U.S. (the approximate domain 
of the Mississippi River basin).  They used the atmospheric moisture balance equation with observed precipitation and 
convergence computed from radiosonde observations to solve for evapotranspiration. Figure 4-2 shows the accumu-
lated departure from the mean for precipitation, computed evapotranspiration, and an inference of storage change that 
would have been required to satisfy the accumulated balance.  The difference between the largest and smallest value of 
the normalized storage is an estimate of the minimum subsurface moisture storage capacity.  This value is about 45 cm, 
or around 1.5 times the value estimated by the VIC model.  Also, the period of analysis for the atmospheric budget 
(1973-1992) is less than half as long as that used in the surface modeling approach; the discrepancy would certainly be 
larger if the periods had been compatible. 
 
Comparison of these two estimates raises several interesting questions: 
 
 1.  Does the surface modeling approach, which ignores groundwater interactions, tend to bias the estimated 
moisture storage excursions downward?  Restated, do groundwater-surface water interactions exert a significant influ-
ence on variations in subsurface storage, and hence evapotranspiration, over areas as large as the Mississippi River ba-
sin.  If they do, how can they be estimated? 
 2.  A second possibility that cannot be excluded, is that a significant part of the apparent subsurface storage 
“requirement” based on the atmospheric balance is attributable to “noise” in the atmospheric convergence estimate, 
which is effectively integrated in estimate of required storage (Gene Rasmussen, personal communication, 2002).  
 3.  The new observing strategies, like the recently launched Gravity Recovery and Climate Experiment 
(GRACE) mission, and planned GRACE follow-on may provide some insights into issues addressed in 1 and 2, above. 
Given potential capabilities (at least with GRACE follow-on) to estimate total moisture variations (atmospheric plus 
surface and subsurface) to within a few cm over spatial scales as small as 100 km, can the contributions of the various 
moisture storage terms be deconvolved to sufficient accuracies so as to allow better understanding of continental scale 
subsurface moisture dynamics, and their relation to continental scale evapotranspiration?  Figure 4-3 (from Rodell and 
Famiglietti, 2002) shows the mean annual cycles of monthly changes in terrestrial water storage and its components 
over Illinois.  Their analysis indicates that these seasonal changes would be detectable if they occurred over regions 
greater that 500,000 sq. km.  

The potential for understanding the seasonal and inter-annual variation in terrestrial water storage at continen-
tal scales has greatly increased with current modeling and remote sensing capabilities.  The challenge to the hydrology 
community is to integrate into groundwater flux studies the results from macroscale hydrologic modeling, modeling 
and observations of moisture fluxes in the atmosphere, and terrestrial water storage observations to provide further in-
sights into the spatial and temporal variability of recharge. 
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FIGURE 4-2  Accumulated departure from the mean for precipitation (observed), evapotranspiration (derived), and 
storage over the central  U.S. SOURCE:  Reprinted, with permission, from Ropelewski and Yarosh (1998).  © 2002 
by American Meteorological Society. 
 

 

 
 
FIGURE 4-3   Mean annual cycles of monthly changes in terrestrial water storage and its components over Illinois.  
RS: reservoir water, SN: snow water, SM: soil moisture, GW: groundwater, IZ: intermediate zone storage.  
SOURCE: Reprinted, with permission from Rodell and Famiglietti (2002).  © 2002 by Elsevier Science. 
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make it possible to test our understanding in new ways.  Finally, the last ten years have brought forth a host 
of low-cost sensors that can collect data with unprecedented temporal resolution.  These data provide a rich 
source of “ground truth” for the more spatially complete remotely sensed data.  To take advantage of this 
nexus of need and technology we must use measurements made at many disparate spatial and time scales to 
address questions posed at another scale.  Further, we must understand how our process descriptions vary 
with scale and that coupling of processes occurring at different scales.  These scaling relationships are a 
function of geologic and climatic regimes, and precipitation intensity.  Identifying these relationships will 
allow quantification of recharge and discharge at the local scale, where they affect urban planning and eco-
logical function; prediction of and preparation for the effects of climate change; and most fundamentally, 
better understanding of recharge and discharge mechanisms. 

One caveat is in order.  Much of the new technology to address spatial scaling issues relates to near-
surface measurements.  Such measurements may provide ways to estimate net infiltration, by measuring 
surface evaporation and plant consumption, not by measuring net recharge directly.  However, more accu-
rate recharge estimates may be made not at or near the soil surface but deeper underground where flow is 
less coupled to other mass and energy transfer processes than is flow in the soil-plant-atmosphere system.  
At depth, the effects of evapotranspiration, and spatial and temporal fluctuations in infiltration are attenu-
ated, rendering deeper subsurface flow more uniform and therefore easier to quantify (Figure 4-4).  (Subsur-
face information that relates directly to fluid flow is typically limited to measurements taken in boreholes, 
which may be relatively far apart.  Though such boreholes cannot provide information directly about lateral 
scale processes smaller than the distance between them, such detail is less important in the subsurface than it 
is in the near surface due to the slower and more uniform character of flow at depth.) 
 
 

DEFINITION OF SCALING 
 

Because the term “scaling” is not always clearly defined, there often is some confusion surrounding 
discussions of problems and issues.  
 

The term “scaling”, to many, is veiled in a nimbus of exciting mystery.  At a basic level, 
part of the mystery simply comes from confusion of two connotations of the word – meaning 
either scale invariance (i.e., processes behaving similarly at small and large scales) and 
upscaling/downscaling (i.e., aggregating/-disaggregating data (Blöschl, 2001). 
 

 
In this report, we use the term “scaling” in the sense of aggregation and disaggregation of estimates 

and data.  Upscaling refers to taking measurements made at a series of points or small scales and determin-
ing how to use them to estimate quantities or rates over a larger scale. In downscaling, measurements at a 
large scale are disaggregated to a finer scale using statistical methods. 

A brief discussion of typical arid settings helps frame the challenge of the scale in recharge.  In arid 
regions, recharge tends to occur at high elevations or along mountain fronts or focused along streams or 
swaths of irrigated land, whereas in humid regions, recharge is more diffuse over wider geographical areas; 
discharge tends to occur at springs, wetlands, and playas, and along the shorelines of oceans and estuaries, 
streams, and lakes.  Except for focused spring discharge, these are neither points nor broad geographic areas. 
As an example, consider precipitation falling over basin floors in the playa landscape of the semiarid 
Southwest (Figure 2-5). Over vast areas of basin floor there is no net recharge.  The geothermal gradient 
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FIGURE 4-4  Schematic illustration of the smoothing of the recharge signal as water enters the subsurface as infiltra-
tion and some component of this arrives at the water table after percolating through the vadose zone.  This smoothing 
simplifies measurement of the recharge flux at the water table, reducing the need for high resolution spatial and tempo-
ral monitoring. 
 

 
drives water vapor upward, taking all the liquid water that reaches depth and returning it to the surface. Dur-
ing rainfall events that activate surface flow, small stream channels begin to collect and carry away surface 
runoff, and focus infiltration. Some streams are wide enough and flow long enough to allow recharge to the 
water table.  So at the scale of a playa landscape (say 500 m), recharge occurs not at all or perhaps once a 
century, while at intermediate locations, relatively high rates of recharge occur episodically.  Measurements 
taken in between stream channels would detect no recharge, while those in large stream channels would 
show that there is relatively high recharge.  
 It follows that the average recharge will depend on where the measurement is centered, over what 
period of time the measurements are made, and over what scale the average is computed (see Box 4-1, for 
example).  In the example of the playa landscape, 99.9 percent of the basin floor might have no recharge 
whereas 0.1 percent of the area consisting of ephemeral stream channels that promote infiltration during 
0.1percent of the time generate essentially all of the long-term regional recharge.  As the averaging area in-
creased from a point on the basin floor, segments of stream channel would be included along with a larger 
fraction of basin floor.  When averaged together a ‘scale effect’ would be evident, at least with respect to 
when a meaningful average value could be defined.  The same applies to the temporal scale of averaging. A 
graph of flux rate vs. spatial or temporal averaging scale might be drawn similar to the classic diagram of 
the representative elementary volume (REV) used to show the scaling behavior of hydrogeologic parameters 
such as porosity (Figure 4-5A) or the scaling of correlation length in heterogeneous porous media (Figure 4-
5B).  By examining the relative magnitude and variability of groundwater fluxes at increasing spatial and  
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FIGURE 4-5  A) Scaling of porosity of a porous medium as it might be measured on samples of increasing volume (V-
1, V2, V3…) taken at a random point within the system.  A plateau starts at V3, known as the representative elemen-
tary volume.  SOURCE: Reprinted, with permission, from Freeze and Cherry (1979).  © 1979 by Prentice Hall.  
Adapted from Hubbert (1956) and Bear (1972).  B) The semivariance (γ) of the natural log of hydraulic conductivity as 
a function of the correlation length in heterogeneous porous material.  In this case there is a series of plateaus as one 
moves, for example, from a single sand bed to an interbedded sand-clay package to stacked packages to an entire basin.  
SOURCE: Reprinted, with permission, from Gelhar (1986).  © 1986 by American Geophysical Union. 
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temporal scales, we may discover thresholds of continuity or uniformity that correlate with practical 
scales of measurement and/or application.  For the example of the playa landscape, plateaus in scaling 
might occur at spatial scales related to the scale of the drainage network.  Of course, for the scaling proc-
ess to make sense knowledge of the underlying physical processes is needed; the averaging would not be 
simple statistical interpolation as is the case for many upscaling problems. 
 
 

EXPECTED SCALING BEHAVIOR OF RECHARGE/DISCHARGE FLUXES 
 

Understanding and measuring groundwater fluxes across interfaces along a continuum of temporal 
and spatial scales is important for determining water and solute budgets. For the purposes of this discussion 
we define increasing spatial scales as moving from smaller to larger areas of the landscape or volumes of 
material and increasing temporal scales as moving from short to longer time frames.   
 Scaling issues related to recharge and discharge have been the focus of studies in a variety of re-
gions (e.g., Dyck et al. 2003; Desbarats et al. 2001; Delin et al. 2000; Lin and Anderson, 2003; Flint et al., 
2002, see Box 4-2; Stoertz and Bradbury, 1989; Jorgensen et al., 1989; also see the review article by de 
Vries and Simmers, 2002).  Many of these studies are, by their nature, specific to a place and do not neces-
sarily address general processes.  To our knowledge, no comprehensive studies of flux scaling exist.  We 
can, however, make predictions about the expected scaling behavior of these processes.  As we move 
from smaller to larger scales the variability of flux values will change (Figure 4-5A).  These changes with 
scale are fundamentally related to the spatial and temporal heterogeneity of natural systems, and include 
both the physical properties of the system and the hydrodynamic parameters imposed by the larger envi-
ronment.  For example, for a small groundwater basin, recharge and discharge fluxes are controlled by the 
geology and topography (physical properties of hydraulic conductivity, porosity, surface drainage, etc.) 
and by the imposed stresses (climate, precipitation intensity, land cover, pumping, etc.).  In general, at 
small spatial and temporal scales, we expect flux variability to be large, and to be highly correlated to 
small-scale variability in physical parameters.  At larger scales we expect this variability to decrease as 
spatial and temporal changes are averaged.   

The ease or difficulty of upscaling of point estimates depends on how variable the point esti-
mates are.  Variability itself is, of course, variable.  That is, in some instances, recharge flux variations, 
even on a small scale, may be only mildly variable (e.g., Dyck et al., 2003) whereas in other instances it 
may vary over orders of magnitude from point to point (e.g., Cook and Kilty, 1992). 
 
 

STRATEGY TO ADDRESS THE ISSUE OF SCALE 
 

Below we sketch a framework or strategy to address the issue of scale as related to estimation 
of groundwater recharge and discharge.  It is our belief that remote sensing will play an important role 
in the strategy.  Although a case has been made for using various remote sensing tools in recharge and 
discharge studies (e.g., Cook and Kilty 1992; Salama et al. 1994; Meijerink 1996; Jackson 2002), and 
especially in scaling up from point measurements, there is much work to be done to develop the meth-
ods to a point where they are truly useful.  Of critical importance is the interplay between remote sens-
ing, land-based measurement and numerical modeling. 
 

• Conceptual Model.  The conceptual model is a basic tool for visualizing the hydrogeologic 
system where direct measurements of fluxes and other hydrologic processes may be lacking but simi-
larity of form and process are evident (Figure 1-3).  It provides a way of looking across multiple scales;  

Copyright © National Academy of Sciences. All rights reserved.

Groundwater Fluxes Across Interfaces 
http://www.nap.edu/catalog/10891.html

http://www.nap.edu/catalog/10891.html


50  Groundwater Fluxes Across Interfaces 
 

 
 

 
BOX 4-2 

Recharge Mapping at Yucca Mountain, Nevada -- The Scale Effect 
 

Flint et al. (2002) evaluated various methods to estimate net infiltration and recharge at Yucca Mountain.  A summary of the 
methods, i.e. general approach, scale of application, and strengths and limitations, is was presented earlier in this report (Table 1-2).  
These methods produce estimates of flux that reflect different spatial and temporal scales; have different data requirements, strengths and 
limitations; and have varying sensitivity to water flux in fractures.  Recharge varies spatially owing to variations in precipitation, surface 
microclimates, thickness of alluvial deposits, faults and fractures, and thickness and hydrologic properties of geologic strata in the un-
saturated zone.  

Two methods applied to measured data at different temporal and spatial scales may yield different fluxes, yet both could 
be correct. at the scale of measurement.  For example, a water-balance model reflecting a conceptual model of shallow infiltration at 
Yucca Mountain was used to estimate the temporal and spatial variability of net infiltration (Figure 4-6a) for the upper boundary 
conditions of the unsaturated-zone flow model (Bodvarsson and Bandurraga, 1996) (Figure 4-6b). Although the average flux for both 
models are the same, this figure illustrates the differences between surface flux and flux at the water table due to the redistribution of 
percolating water that occurs in the unsaturated zone over varying spatial and temporal scales.  Measurements of water content in 
shallow neutron-access boreholes used to calculate near-surface fluxes over the last 15 years may correctly represent average condi-
tions over that period, yet be in apparent disagreement with fluxes estimated by applying the chloride mass-balance method to pore 
waters extracted from drill cores because the latter method may be representing fluxes that were in effect hundreds or even thousands 
of years ago.  Recharge-estimation methods based on deeper measurements integrate, or average out, the excursions caused by local, 
near-surface processes.  

The values in Figure 4-7 are results from the various methods used to estimate recharge at Yucca Mountain.  The 
methods generally are arranged in order of the integrated depth or temporal scale that the method addresses.  
 
 

 
 
 
FIGURE 4-6  (a) Spatial distribution of shallow infiltration at Yucca Mountain using a water-balance model, compared with (b) 
percolation flux (recharge) at the saturated zone.  SOURCE: Modified from Flint et al. (2002). 
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FIGURE 4-7  Comparison of percolation fluxes estimated by various methods. A bar represents the range of estimates using a given 
method in different topographic settings, whereas each point represents a single estimate.  SOURCE: Modified from Flint et al. (2002). 
 
 
 
Shallow point measurements address surface processes generally acting on a yearly to decadal scale, or reflect processes in a single to-
pographic feature. Measurements made deeper in the mountain or integrating deep boreholes reflect an integration of time and space 
owing to unsaturated flow processes, stratigraphic influences, and differences in fracture/matrix interaction within the various hydros-
tratigraphic units. Some methods, such as those using perched-water chemistry, incorporate various percentages of water that may be 
thousands of years old. In summary, because recharge rates are variable in space and time, considerable differences in estimated flux 
values using different methods do not necessarily indicate that one of them is wrong. What is important is to match the appropriate 
method to the spatial and temporal scale of the problem.  Regional or long-term average rates may require one method; local or recent 
rates, another.   
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a good conceptual model is essential to the design of new observing networks.  The conceptual model 
also guides the interpretation of historical records (e.g., of streamflow and groundwater levels) and is a 
first step in evaluating the effect of climate forcing on recharge/discharge processes. 

• Prototype and Lab-Scale Experiments.  Benchtop experiments and new instrumentation 
packages will be an important step in creating new observing systems in field applications.  Many of 
the fundamental processes that give rise to variability in space and time are manifest at small scales: 
e.g., crack-flow, unstable wetting, flow through random media packings.  Given the intrinsically greater 
control and measurability of laboratory simulations, these experiments will be an integral component of 
gains in understanding of the underlying processes that give rise to scale-dependence in hydrologic 
processes.  

• Field Experiments.  The design of field experiments to capture the multiple spatial and tem-
poral scales of recharge/discharge is fundamental to the scaling issue (Chapter 2).  With the advent of 
low-cost sensor technology, meso-scale geophysical methods (mostly advances in interpretation), high-
resolution elevation and remotely sensed land cover, and the computational capacity to digest this 
information, we now have the potential to enhance predictions from regional mean behavior to catch-
ment, hillslope and plot scales.  At the same time we must anticipate global climatic changes that will 
likely alter the patterns of these processes so critical to life.  The challenge is to measure the nature, 
pattern and magnitude of fluxes with coordinated observations of the atmosphere, soil moisture regime, 
and groundwater-stream system.   

• The Information System.  Although we have vast data sets, and are poised to obtain even 
richer observational results, unless we can synthesize across these diverse sources of information we 
are fundamentally limited in our ability to compare observations at a range of scales.  Efficient infor-
mation management and the cataloging of compatible formats of hydroclimatic data that are collected 
at disparate spatial and temporal scales will be crucial for seeing the scale behavior in the data, and 
thereby identifying new constitutive relations, and validation of theories or process at multiple scales.  

• Modeling.  Finally, numerical modeling is fundamental to identification, estimation, simu-
lation and prediction of recharge and discharge, and provides a fundamental tool to address coupling 
and scale interaction of such processes.  Through model calibration the magnitude of average fluxes 
occurring at the watershed scale (>10,000 km2) can be estimated reasonably well provided discharges 
are measured accurately.  At local scales (i.e., the small to intermediate scale of 0.1 to 10 km2), how-
ever, flux values as predicted by a model and measured in the field at pairs of proximal points (e.g., in a 
spring and 1 meter away from the spring) may be completely different and have large associated error.  
Since fluxes at local scales are those most relevant to ecosystems and to human habitation, there is 
great advantage to advancing our understanding to enable accurate predictions of fluxes at ever smaller 
dimensions.  In addition to prediction of fluxes at various scales, models allow for testing hypotheses of 
scale interaction, for “what-if?” scenario investigations for water management and allocation.  A third 
application of modeling to scaling issues is the problem of data assimilation (NRC, 2002a) and how the 
observing system will continuously update the model and model forecasts.  
  
 The issues of scale relative to recharge and discharge fluxes involve understanding the interde-
pendence between variability in fluxes and the physical and chemical characteristics of a site.  While 
both recharge and discharge occur as diffuse and focused fluxes, it is implicit that recharge and dis-
charge processes must be studied independently.  Furthermore, each process is expected to scale in dis-
tinct ways.   
 Up to the scale of perhaps 100 km2, scaling studies can be done at the benchmark sites pro-
posed in Chapter 2.  Each experimental setting should be studied at nested scales with nested monitor-
ing sites within the basin and measurement/sampling/monitoring stations on a range of scales across the 
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basin.  Methods of assessing uncertainty will be required for each of the issues as well as the develop-
ment and verification of related scaling theories.  The development, application, and evaluation of mul-
tiple assessment methods specific to each issue and the development, application and evaluation of 
conceptual and numerical models, and their comparison and independent validation are also required. 
 
 

RELATION OF INFILTRATION TO GROUNDWATER RECHARGE 
 

Most of the newly available technologies that may allow us to monitor variables at a variety of 
scales pertain to the near-surface environment (Smith, R. et al., 2002).  Except at the scale of 100’s of 
km via identifying changes in the water table through satellite gravimetry (Box 4-1), it is not possible 
to monitor groundwater recharge and discharge remotely.  Since infiltration and recharge may vary in 
magnitude, timing, and distribution (e.g., Box 4-2), it is imperative for the scaling problem that we de-
velop procedures that relate recharge and discharge to landscape features that we can observe directly 
with high spatial resolution.  These relationships must be developed through tests of models with 
ground-based measurements that will yield estimates of infiltration (with associated uncertainties) cou-
pled with the variety of methods that we have at our disposal to estimate recharge.  The development of 
these relationships will itself involve attacking a scaling problem because the temporal and spatial vari-
ability regimes of infiltration and recharge are different (Figure 4-1).  Ground-based measurements of 
infiltration will require elucidation of soil-plant-atmosphere controls on near-surface soil fluxes. 

Estimation of recharge from infiltration can also be done by estimating evapotranspiration; re-
charge then is calculated as the difference between infiltration and evapotranspiration.  Unfortunately, 
direct estimates of evapotranspiration are only possible at relatively small spatial scales – e.g., via flux 
towers using eddy correlation or Bowen ratio methods (Baldocchi et al., 2001), which typically have 
footprints of at most a few square km.  Remote sensing using LIDAR can result in high-resolution im-
ages of water vapor that can be especially important in areas of high flux variability such as riparian 
zones (e.g., Cooper et al., 2000).  Indirect methods, such as catchment water balance methods, are ap-
plicable to long (multi-year) time periods where subsurface storage changes can be averaged out, or 
alternatively require a modeling strategy to estimate subsurface storage change.  Comparative studies of 
some of these methods have shown promise (e.g., Wilson et al., 2001).  Hydrologic and/or macroscale 
land surface models typically produce estimates of evapotranspiration (and its space-time distribution) 
following calibration of model parameters to produce a match with observed streamflow.  Given that 
they are forced with observed precipitation, they arguably can produce usable estimates of evapotran-
spiration provided that observed streamflow is matched reasonably well.  Nonetheless, confidence is 
greater in their long-term average predictions than the time sequencing, due to difficulties in verifying 
that the dynamics of subsurface storage are properly represented. 

With respect to the representation of subsurface storage, essentially all surface hydrology mod-
els (e.g., those intended for flood and drought forecasting) and land surface models (e.g., those intended 
to represent the role of the land surface in climate prediction models) represent the subsurface as one or 
more soil “slabs”, with finest vertical resolution of depth typically a meter or two.  Land surface models 
can be run in so-called “off-line” mode, that is, forced with observed precipitation and other surface 
atmospheric variables (e.g., downward radiation, wind, surface air temperature, vapor pressure deficit).  
Implemented in this way, they behave essentially like continuous watershed simulation models, al-
though at much larger scales.  As indicated above, if streamflow is simulated reasonably well, these 
models can offer insights into the dynamics of evapotranspiration, as well as changes in subsurface 
moisture content.   

Many important sources of error and uncertainty affect the available estimates of infiltration rates.  
These include low space-time resolution of storm events; neglect of surface runoff; relatively or under-
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standing of processes that control water uptake by plants from soils and fractures; poor definition of 
processes and properties that contribute toward the generation of focused infiltration and corresponding 
fast flow paths; and the transient nature of infiltration processes. 
 
 

VARIATION OF FOCUSED AND DIFFUSE 
DISCHARGE WITH MEASUREMENT SCALE 

 
Understanding and measuring groundwater discharge at various temporal and spatial scales is es-

sential for completing any groundwater budget, and is a critical part of most groundwater flow models, yet 
most groundwater discharge measurements are highly uncertain.  Moreover, the uncertainty is poorly char-
acterized and probably most often underestimated.  The main discharge points for groundwater (in addition 
to pumping wells) are springs and seeps, streams, lakes, wetlands, and oceans.  Flow measurements in each 
of these environments present unique conceptual and measurement challenges.  In addition, the common 
practice of estimating recharge using numerical flow models is subject to an implied scaling due to the in-
ability of models to reproduce all surface-water features.   
 

Springs and seeps- As point locations of groundwater discharge, springs are often attractive loca-
tions for flow measurements, yet the proportion of groundwater discharge that a particular point spring 
represents is usually unknown, and may be small.  Seeps associated with wetlands can be complex, dy-
namic, and difficult to measure, but may exert a profound influence on the water balance of a basin. Can we 
develop ways to predict the relative proportion of diffuse to focused flow at different spatial and temporal 
scales?    

Streams- Hydrogeologists commonly use low-flow, or baseflow, conditions in streams and rivers as 
a measure of basin-wide groundwater discharge, yet there is great uncertainty in such measurements (e.g., 
Halford and Meyer, 2000).  We commonly describe the time series of low-flow measurements in a stream 
using flow-duration curves, but it is unclear what statistical measure derived from such curves (e.g., Q60, 
Q80, Q7,10) appropriately represents groundwater discharge to the stream over various time scales.  Our best 
low-flow measurements and statistics come from long-term USGS gaging stations with well-defined rating 
curves, yet such stations are usually only installed on major streams, and nationally the number of gaged 
sites is decreasing.  Furthermore, even if we are convinced that a streamflow measurement under baseflow 
conditions represents groundwater discharge, how do we disaggregate the complex patterns of inflow, out-
flow, and interflow that occur higher in the watershed? 

Groundwater flow models- Commonly-used finite-difference groundwater flow models (e.g., MOD-
FLOW) include numerical methods for linking groundwater to surface water through head-dependant 
boundary conditions (such as the MODFLOW river, lake, drain, and streamflow routing packages).  Due to 
model grid or mesh limitations such models must always ignore surface-water features smaller than a given 
size, and the usual rationalization for ignoring these features is that they are unimportant to the larger-scale 
problem.  However, ignoring such small-scale features is likely to cause model-based recharge estimates to 
be smaller than field estimates.  Continued effort into sub-gridscale parameterization schemes is essential 
and has proven to be a powerful avenue to address this issue intrinsic to spatially explicit modeling. 
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USE OF REMOTELY SENSED/MAPPED PARAMETERS 
AS SURROGATES FOR RECHARGE/DISCHARGE 

 
Remote sensing and high-resolution digital elevation models will be fundamental to the extrapola-

tion over landscape scales from points of estimation.  The essential next step is for the highly variable fea-
tures that control discharge and recharge (e.g., permeability distribution), to be associated with the remotely 
measured surrogate values.  One example of this is the HOST (Hydrology of Soil Types) classification 
(Lilly et al., 1998), originally developed to predict river flows for ungaged catchments and later used within 
other models for predicting contaminant concentrations in runoff.  HOST semi-quantitatively relates soil 
classification (e.g., loamy sand) to soil hydrologic characteristics, and thence to stream response to precipi-
tation.  Similarly, vegetation patterns (e.g., Rosenberry et al., 2000) have shown promise as surrogates for 
discharge.
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5 
Findings and Recommendations 

 
 
 
 
 
 
 This chapter summarizes the major findings related to the three primary themes of the work-
shop and recommends directions for future research. 
 
Finding 1 
 
 Our ability to quantify spatial and temporal variability in recharge and discharge is inadequate 
and must be improved given the importance of groundwater in the hydrologic cycle, the contribution of 
groundwater to base flow in streams and inflow to lakes, and society’s reliance upon groundwater for 
water supply.  Moreover, the spatial distribution of recharge fluxes influences the vulnerability of aqui-
fers to contamination and the discharge of groundwater into wetlands influences associated ecological 
and biogeochemical processes. 
 A key science question is how landscape heterogeneity controls spatial and temporal variability 
of recharge and discharge.  Addressing this question will require consideration of geology, biology and 
climate including variability in soils, topography and vegetation.  There are no uniformly applicable 
methods for measuring and quantifying recharge/discharge fluxes in space and time, so our understand-
ing of distribution and process is limited (chapter 2).   
 
Recommendation 1-1 
 
 Experimental benchmark sites should be established with the goal of improving both measure-
ment techniques and the understanding of the processes of groundwater recharge and discharge.  These 
sites should include a wide range of geologic, climatic and landscape types and should be integrated 
with existing NSF, USDA/ARS and similar experimental watersheds.  The proposed experimental 
benchmark sites program should also work cooperatively with field programs connected with large-
scale hydroclimatic studies—for example, the WCRP Global Energy and Water Experiment (GEWEX) 
and with studies conducted under the NSF-supported CUAHSI (Consortium of Universities for the Ad-
vancement of Hydrologic Science, Inc.) initiative.   
 
Recommendation 1-2 
 
 A study/workshop should be initiated with the goal of developing scientific and implementation 
plans for such experimental benchmark sites, perhaps as part of CUAHSI.  Such an activity would de-
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termine which sites would be most valuable to improving the science of groundwater discharge and 
research, the relevant science questions specific to particular sites, the range of measurement and mod-
eling that would be undertaken and an evaluation of the historical data available for designing experi-
ments.   
 
Finding 2 

 
The roles of groundwater storage, and recharge and discharge fluxes in the climate system are 

under-appreciated and poorly understood.  Because groundwater is the largest reservoir of fresh water 
in the hydrologic cycle, characterization of the linkage between groundwater and climate is crucial.  
Groundwater plays an important role in the carbon cycle and related subsurface biogeochemical proc-
esses, and therefore the variability and fluctuation in groundwater levels can influence climate.  For 
example, the net accumulation (or depletion) of peat (and the sequestration or release of its stored car-
bon) depends on the depth to the water table, and whether peat is under aerobic or anaerobic conditions. 
Climate change may cause changes in the temporal and spatial distributions of groundwater recharge 
and discharge and, therefore, availability of the groundwater resource.  Better understanding of the 
linkage between groundwater resources and paleoclimatic conditions would be helpful in understanding 
past climate and its variability and would supplement information derived from study of tree rings and 
ice cores.  
 
Recommendation 2-1 
 
 Research should address the relationship between long-term fluctuations in groundwater levels 
in aquifers at a regional scale and climatic variability.  Such efforts would include the preservation and 
study of historical data on groundwater levels, and related hydrologic data such as streamflow records 
and lake levels, in areas unaffected by direct human influence.  These efforts should include a broad 
range of techniques including paleoclimatic research such as reconstruction of paleolake levels and iso-
tope geochemistry of old groundwater to provide insights into climatic variables such as paleo-
temperature.  
 
Recommendation 2-2 
 
 Research is needed to allow for better representation of groundwater processes in climate mod-
els, including more realistic storage parameters, landscape partitioning into recharge and discharge ar-
eas, groundwater uptake by vegetation, and fluxes to wetlands, lakes and streams.  Data from the 
benchmark sites discussed under Recommendation 1-1 above could be utilized to test the improved 
parameterizations.  
 
Recommendation 2-3 
 
 A better understanding of the effects of human use of groundwater for water supply on climate 
is needed.  This would require comprehensive tabulation of regional, continental and global groundwa-
ter withdrawals and the extent of the area of wetlands drained during the past century accompanied by 
evaluation of the effects of the withdrawals and drainage on climate 
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Finding 3 
 
Groundwater measurements are needed across a range of temporal and spatial scales; measure-

ments at one scale are often needed to address questions at another scale.  For example, remote sensing 
techniques provide extensive, spatially complete data sets that hold promise for addressing many of the 
unresolved questions identified in this report.  However, these data often provide information at large 
regional scales, like the information soon to be available from the NASA-supported micro-gravity mis-
sion GRACE (Gravity Recovery and Climate Experiment), and must be integrated with information 
generated at smaller scales.  This will require an understanding on how groundwater processes scale 
spatially and temporally.  But it is unclear how the variability measured at small scales will change as 
we move up in scale, and whether there are thresholds of continuity or uniformity that correlate with 
practical scales of measurements.  
 
Recommendation 3-1 

 
A broad and coherent strategy for the observation of groundwater recharge and discharge across 

scales is needed.  This would involve the development of sensors that measure recharge and discharge 
at “point” scales, research to increase our understanding of the scaling of these measurements and un-
derlying processes, the development of procedures for integrating measurements and observations 
across scales, and generation of mathematical tools to assimilate and synthesize observations at all 
scales into groundwater process models.  Such a strategy could be tested on both the benchmark sites 
(Recommendation 1-1) and on aquifers of regional extent.  
 

It is hoped that this report will lead to progress in understanding the spatial and temporal vari-
ability in diffuse and focused groundwater recharge and discharge, the interaction of groundwater with 
the climate system, and the spatial and temporal scales of recharge and discharge fluxes.  Improved un-
derstanding is needed for sustainable utilization of groundwater resources, ecologically sound man-
agement of wetlands, lakes and watersheds, and to understand, predict and cope with the effects of po-
tential climate change. 
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Appendix A 
Workshop Agenda 

 
 
 
 
 
 
 
 
Sunday, May 12, 2002 
 
6:00-9:30 PM Reception and Poster Session.    
 
Monday, May 13, 2002 
 
6:30-8:30 Breakfast  
 
8:30-9:30   Introductions/objectives (Anderson) 
 
9:30-11:30   Climate Issues 
 
  Facilitators:  Henk Haitjema, Indiana University 
               Mike Dettinger, USGS, San Diego 
 

Panelists:   Guido Salvucci, Boston University 
    Matt Rodell, NASA Goddard 
    Chris Milly, USGS, Princeton 
 
11:30-1:00   Lunch 
 
1:00-3:00   Diffuse vs. Focused Fluxes 
 

Facilitators:   Bridget Scanlon, Texas Bureau of Economic Geology 
                        Don Siegel, Univ. of Syracuse 
 
Panelists:   Bill Woessner, Univ. of Montana 
                    Leslie Smith, Univ. British Columbia 
  Randy Hunt, USGS 
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3:00-3:30   Break 
 
3:30-5:30   Scaling Issues 

Facilitator:  John Selker, Oregon State University 
Panelists:   Ken Bradbury, WI Geological & Natural History Survey 
                   Chris Duffy, Penn State University 
  Stacy Howington, U.S. Army ERDC 

 
5:30-6:30   Break 
 
6:30-8:00   Reception and dinner  

Special invited talk: “Hydrogeology of Door County” (Ken Bradbury) 
(See Appendix B) 
 

8:00-9:00  COHS steering committee meets 
 
Tuesday, May 14, 2002 
 
6:30-8:30AM  Breakfast  
  
8:30-9:30   Group discussion and writing assignments 
 
9:30-11:00   Writing 
 
11:00-noon   Discussion 
 
Noon-1:00   Lunch 
 
1:00-2:30  Group discussion.  Design of a watershed scale experiment to measure spatial and tem-

poral patterns in recharge and discharge (Wilson) 
 
2:30-3:00   Group discussion and writing assignments 
 
3:00-4:30  Writing 
 
4:30-5:00   Turn in assignments and wrap up 
 
5:00-6:00  Break 
 
6:00-7:30   Reception and dinner 
 
7:30    Introduction to CUAHSI (Wilson) 
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Appendix B 
Groundwater Recharge and Discharge 

on Wisconsin’s Door Peninsula 
 

 
 
 
 
 

Based on a talk given at the workshop by Kenneth R. Bradbury 
Wisconsin Geological and Natural History Survey 

 
The workshop on “Groundwater fluxes across interfaces” was held in Egg Harbor, Wisconsin, 

which is situated on the Door Peninsula (Figure B-1).  The hydrogeology of the Door Peninsula illus-
trates the complexity and importance of flow across interfaces - groundwater recharge and discharge 
processes.  A rocky peninsula between Lake Michigan and Green Bay, the Door Peninsula is character-
ized by rugged rocky shorelines and sandy beaches.  The scenery along with the mild climate, abundant 
natural resources, and a small-town feel have made the Door Peninsula one of the most popular tourist 
destinations in the midwestern United States.  All residents of the county depend on groundwater, but 
groundwater quality problems have plagued the county for many years.  Bacteria and nitrate exceed 
drinking water standards in about 30 percent of the private wells in the county, and private well owners 
often report turbid or muddy water in their wells during certain times of the year (Bradbury and Mul-
doon, 1992).  Other groundwater contaminants include agricultural chemicals, pesticide residues from 
cherry and apple orchards, and petroleum and other non-aqueous phase liquids.  

Much of the charm of the Door Peninsula, and its groundwater problems, are directly related to 
its unique geology – a combination of Paleozoic bedrock and Pleistocene modifications.  Silurian-age 
dolomites form the backbone of the peninsula and dip gently eastward into the Michigan Basin (Figure 
B-2).  In the Late Pleistocene, continental glaciers covered the area, and when they retreated they left 
behind a unique landscape.  On the western side of the county the Silurian escarpment forms high cliffs 
along the Green Bay shoreline; only a few miles to the east the land meets Lake Michigan with sandy 
beaches and diverse wetlands.  In between, in the uplands of the county, glaciers removed most of the 
soil, so that in most places the bedrock is less than two meters below the surface and in many places it 
is exposed at the land surface.  The dolomite contains both near-horizontal and vertical fractures (Mul-
doon et al., 2001).  These fractures are extensive, and the vertical fractures are easily visible from the 
air, particularly under alfalfa fields in dry weather.  The combination of thin soils and fractured rock 
makes groundwater in the county extremely vulnerable to contamination. 

Groundwater flow in the Door Peninsula is conceptually simple, with recharge occurring in the 
uplands along the crest of the peninsula, and discharge occurring in springs and seeps along the Green 
Bay and Lake Michigan shorelines.  In detail, however, both the recharge and discharge processes are  
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FIGURE B-1  Location of the Door Peninsula in eastern Wisconsin, extending out into Lake Michigan.  E.H. is 
Egg Harbor, the site of the workshop. SOURCE: Adapted from Kenneth R. Bradbury, Wisconsin Geological and 
Natural History Survey, written commun., 2002. 
 

 
quite complex.  Groundwater recharge is rapid, transient, and often focused in discrete depressions where 
open vertical fractures or solution features occur at the land surface.  Most annual recharge occurs over a 
few weeks following spring rains and snowmelt; during this period groundwater levels often rise by tens of 
meters.  Thermal and geochemical data collected during specific recharge events show that recharge water 
can move from the land surface to tens of meters below the water table in a matter of hours or days.  Once in 
the aquifer, groundwater flow is generally horizontal along bedding-plane fractures that have been widened 
by solution (Rayne et al., 2001).  Flow rates in this fractured dolomite can be extremely rapid – on the order 
of 10 km/yr.  These rapid flow rates mean that local private and municipal water supply wells are extremely 
vulnerable to contamination from surface sources, and that contributing areas for local wells can be very 
large. 
 Groundwater not captured by wells in the Door Peninsula discharges to discrete shoreline 
springs, local wetlands, and as diffuse flow through offshore lake sediments.  In general, springs occur 
where conductive horizontal or vertical factures intersect the shoreline.  Locally, hydraulic gradients in the 
discharge zone can be high enough to create flowing wells, sand boils and measurable thermal anomalies, 
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FIGURE B-2  West-to-east cross section of the Door Peninsula. SOURCE: Kenneth R. Bradbury, Wisconsin 
Geological and Natural History Survey, written commun., 2002. 
 
 
but over large areas of the lakebed the upward groundwater discharge through lake sediments is slow and 
difficult to measure.  In this environment, closing the water budget – balancing recharge processes with dis-
charge processes - is extremely challenging, yet understanding recharge and discharge processes is essential 
for solving local groundwater contamination problems and for making wise land-use management decisions 
for the area. 
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Appendix C 
Agency Interest in Groundwater Fluxes 

 
 

 
 
 
 

The following are brief summaries of agency interest in the topics of the workshop.   
 
Bureau of Reclamation (BuRec) 
 
 Due to its water management mission, BuRec is one of the federal leaders in artificial recharge 
of groundwater.  Accurate conception and management of such projects, and of watershed management 
in general, requires an understanding of natural recharge and discharge rates and distribution in space 
and time as well.  Other issues of interest include water quality and environmental benefits and impacts 
of underground storage and retrieval of water. 
 
 
U.S. Department of Agriculture (USDA) 
 
 The USDA is intensely interested in soil moisture for agriculture, and the temporal and spatial 
distribution of soil moisture depends partially on rates of recharge and discharge.  The Agricultural Re-
search Service funds research on uncertainty estimates for groundwater recharge.  The Natural Re-
sources Conservation Service’s Soil and Water Conservation Assistance program and Resource Conser-
vation and Development program indirectly take recharge into account in their projects.  And the Forest 
Service has long-standing research on understanding effects of forest and rangeland management and 
related human and natural disturbances on the quality and quantity of available water – including 
groundwater – in their watersheds. 
 
 
U.S. Department of Defense (DOD) 
 

The DOD’s interest in groundwater fluxes arises from its responsibilities in several research areas 
and is not limited to a single geographic region or climate.  Contaminants are frequently encountered in 
groundwater at Army, Navy, and Air Force facilities, where the distribution of infiltration in space and time, 
and fluxes of contaminants between groundwater and surface water bodies, are key questions.  The Corps of 
Engineers’ roles include permitting of wetland mitigation; discharge rates may be the key to whether a wet-
land type can be recreated in a given location.  Flow rates beneath and through levees and earthen dams  
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are of obvious interest to the Corps.  Finally, there are direct military applications such as predicting 
soil saturation levels or stream depth and velocity for planning troop movements using estimates of the 
timing and volume of infiltration and runoff. 

 
 

U.S. Department of Energy (DOE) 
 

Groundwater fluxes are also of interest to the DOE, which recently laid out a blueprint for re-
search in subsurface science in which they identified a need to characterize boundary conditions (i.e., 
fluxes at interfaces) that control contaminant transport and fate.  Quantification of recharge rates is of 
intense interest at the DOE’s Yucca Mountain Site for spent nuclear fuel (Flint et al., 2002), and at 
many other contaminated sites including the Hanford Site (Washington State), Idaho National Engi-
neering and Environmental Laboratory, and the Savannah River Site (South Carolina). 
 
 
U.S. Environmental Protection Agency (USEPA) 
 

The Environmental Protection Agency oversees the remediation of a large number of contami-
nated sites.  The rate of migration of dissolved contaminants in shallow soil and aquifers is a function 
of recharge rates.  Likewise, discharge zones can either be areas of natural degradation of contaminants, 
or a pathway of contamination to surface water bodies. Groundwater vulnerability and the geometry of 
groundwater protection areas – both important topics to the USEPA – are functions of recharge rate and 
distribution among other factors.  The USEPA and NSF’s joint research initiatives on watersheds have 
also involved projects that measure recharge and discharge.   

 
 

U.S. Geological Survey (USGS) 
 

Quantifying groundwater recharge is a priority research area in the U.S. Geological Survey.  In 
a summary article prepared by USGS researchers for the American Geological Institute (Reilly et al., 
2000), recent advances in measuring flow between groundwater and surface water were highlighted 
(along with measuring land subsidence) as particularly important to sustainability of groundwater re-
sources.  Groundwater recharge rate estimation is one of the four priority topics for the Ground-Water 
Resources Program.  And the National Research Program’s project on “Role of Lakes in the Hydrologic 
System” has spent decades examining fluxes across the lake-groundwater interface. 
 
 
National Air and Space Administration (NASA) 
 

In general, NASA’s interest in groundwater fluxes derives from: 1) the potential to measure – 
directly or indirectly – groundwater and its fluxes from satellite-borne remote sensing instruments; and 
2) the perceived importance of groundwater as a component of the Earth system and its relationship to 
climate change.  The Gravity Recovery and Climate Experiment (GRACE) aims to estimate changes in 
total terrestrial water storage with high precision.  Use of laser altimetry measurements to deduce river 
stage, and from that baseflow (groundwater discharge) also shows promise.  NASA is also interested in 
the consequences of climate change for life on Earth.  
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The following questions of interest to NASA all include a groundwater flux component: How is 
the global Earth system changing?  How are global precipitation, evaporation, and the cycling of water 
changing?  How are variations in local weather, precipitation, and water resources related to global cli-
mate variation?  And how well can long-term climatic trends be assessed or predicted?  

 
 

National Oceanic and Atmospheric Administration (NOAA)  
 

Near-surface groundwater fluxes are critical to NOAA modeling needs.  For example, the effect 
near-surface fluxes have on moisture content of the lower soil layers is not well understood.  In current 
NOAA models, the moisture content in these lower zones contributes to long-term base flow in streams 
and rivers.  Thus, any groundwater fluxes across the interface with these lower zones can impact base 
flow modeling.  Including the groundwater surface-water interaction in these hydrologic models may 
have an impact on soil moisture simulations. 

Second, the mechanisms for determining flow paths for near surface ground water need to be 
understood as the National Weather Service moves towards finer scale (distributed) hydrologic model-
ing.  While the paths of overland flow on the surface are assumed to follow topographic slope, it is not clear 
if near-surface ground water can be modeled in this manner.  Research needs to address the movement of 
near-surface soil moisture towards river channels.  Finally, the effect of low frequency groundwater fluctua-
tions on the climate needs to be evaluated.  Under what conditions are the relationship between precipitation 
and groundwater out of phase?  And does groundwater have a significant longer term feedback effect on the 
climate? 
 
 
National Science Foundation (NSF)  
 

NSF funds research in the hydrologic sciences (groundwater, surface water, and land surface 
hydrology), most of which comes through the Geosciences Directorate.  In addition to the Hydrologic 
Science program run though the Division of Earth Sciences, NSF’s Atmospheric Sciences Division funds 
research on Climate Variability and Predictability (CLIVAR).  The two divisions are collaborating on a re-
search initiative called Water and Energy:  Atmospheric, Vegetative and Earth Interactions (WEAVE), which 
includes water and energy fluxes across interfaces.  Further, NSF is sponsoring the Consortium of Universi-
ties for the Advancement of Hydrologic Science, Inc. (CUAHSI) (www.cuahsi.org), which has proposed a 
network of hydrologic observatories that could be used for research in groundwater fluxes at a fairly large 
scale. 
 
 
Nuclear Regulatory Commission (NRC) 
 
 The NRC regulates civilian use of nuclear materials.  As such, it is responsible for storage and 
disposal of nuclear materials and waste.  Groundwater discharge rates and distribution in such areas are 
of obvious interest to the Commission.  The NRC is also in charge of the license renewals of nuclear 
plants.  These renewals require Environmental Impact Statements, which have sections on impacts on 
groundwater, water use, floodplains and wetlands. 
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vey and as an urban geologist.  He has served on various committees and panels of the National Re-
search Council, including the Panel on Alluvial Fan Flooding, the Panel on Global Surficial Geo-fluxes, 
and the Panel on Scientific Responsibility and Conduct of Research.  He formerly chaired the U.S. Na-
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Technology and his M.S., C.E., and Ph.D. degree from Massachusetts Institute of Technology. 
 

Copyright © National Academy of Sciences. All rights reserved.

Groundwater Fluxes Across Interfaces 
http://www.nap.edu/catalog/10891.html

http://www.nap.edu/catalog/10891.html

