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Supplementary Text 

 
S1.  Compiling Water Table Observations 
 
S1.1. North America 

The United States US Geological Survey (USGS) maintains a national archive on the water 
data it collects for the nation (http://waterdata.usgs.gov/nwis). Water table observations at 567,946 
sites were compiled from the entire archive over 1927-2009. We limit our selection to shallow wells 
(<100m) to include only unconfined aquifers that are hydraulically linked to the land surface; the 
aquifer-type code flagged some but not all confined or mixed-confined aquifers, forcing us to adopt 
a cutoff. Many sites are affected by pumping; time series reveal long-term water level decline. An 
example is the US High Plains (35) where irrigation pumping has lowered the water table by tens of 
meters (Fig. S1). Pumping also affected other parts of the nation (http://pubs.usgs.gov/fs/fs-103-
03/#pdf). About 81% of the sites have only one reading. No efforts are made to compile 
observations from published literature in the US. 

The Natural Resources Canada has recently established a national groundwater information 
network (GIN) allowing dynamic access to the well information hosted by 8 provinces 
(http://www.gw-info.net/). Large datasets can also be obtained through the province-level archives 
at the Waterwell Databases (http://ngwd-
bdnes.cits.nrcan.gc.ca/service/api_ngwds:gin/en/downloadmanager/dataset.html?package=waterwel
ls), where we obtained the water level data for 6 provinces (Alberta, Menitoba, Ontario, Quebec, 
Saskatchewan, and Yukon; Nova Scotia file is empty). Data for Nova Scotia is obtained from the 
province Well Logs Database (http://www.gov.ns.ca/nse/groundwater/welldatabase.asp). Data for 
British Columbia was obtained by email request since many wells on the GIN lack water level data 
(http://ngwd-bdnes.cits.nrcan.gc.ca/service/api_ngwds:gin/en/wmc/aquifermap.html); the Ministry 
of Environment of British Columbia operates a network of 163 observation wells 
(http://www.env.gov.bc.ca/wsd/data_searches/obswell/index.html); we received the entire dataset of 
which 61 wells are in shallow aquifers. The large amount of data (more than US) allows us to 
choose the shallow wells only. We retained wells <50 m deep, resulting in 163,498 wells from 
Alberta, 61 from British Columbia, 60,119 from Manitoba, 51,472 from Nova Scotia, 404,124 from 
Ontario, 66,241 from Quebec, 92,291 from Saskatchewan, and 250 from Yukon, totaling 837,956 
site observations over Canada. Except for British Columbia where time series are available, the 
water table depth retained here is the reported static water level found in a well when it is first 
completed; i.e., the many wells reflect conditions at different times. 

A total of 1,405,902 site observations are compiled from North America. 
 

S1.2. Western Europe 
The French ADES Groundwater National Portal provides a freely accessible groundwater 

level and quality information (http://www.ades.eaufrance.fr/) at thousands of wells. Time series of 
water levels at >3,000 wells, organized into 22 regions, were downloaded. After excluding artisan 
wells (head higher than land surface elevation) and deep wells (>100 m deep), 2,837 wells were left 
and the mean water table depth at each well is obtained.  

Groundwater data in Germany is maintained by the state geologic surveys 
(http://www.bgr.de/geol_la/geol_la.htm). According to BGR, the Federal Institute for Geosciences 
and Natural Resources, 70% of drinking water in Germany comes from the groundwater 
(http://www.bgr.bund.de/EN/Themen/Wasser/wasser_node_en.html). In Bavaria, the State Office of 
Environment offers free access to daily, weekly and long-term statistics of groundwater level at 218 
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wells in shallow and 65 wells in deep aquifers 
(http://www.nid.bayern.de/grundwasser/index.php?thema=niedrigwasser&days=0&wert=grundwas
ser). Excluding the wells in bedrocks from the upper aquifers resulted in 182 wells. The mean water 
table over a record period of 2-97 years (depending on sites) is downloaded. In Hessen, weekly 
observations of water level at 61 monitoring wells (only over the past 14 months) can be 
downloaded from Hessisches Landesamt of Environment and Geology 
(http://www.hlug.de/start/wasser/grundwasser/grundwasserstaende-und-quellschuettungen.html), of 
which 30 are in unconfined surficial aquifers. Groundwater withdraw may have influenced the 
observed levels because the majority of the state’s drinking water comes from the groundwater. In 
Mecklenburg-Vorpommern, the state Geological Survey has an interactive map showing the wells 
(http://www.lung.mv-
regierung.de/insite/cms/umwelt/geologie/fis_geo/landesbohrdatenspeicher.htm). Clicking each well 
symbol displays the location, land elevation, well depth, and water table head at the beginning and 
ending of the record period which ranged from one single reading to several decades. Without the 
entire record or long-term statistics, we calculated the mean of the two readings. Where multiple 
wells at different depths are given a single location, the shallowest well is chosen. A total of 293 
site observations are obtained this way. In North Rhine-Westphalia, the State Office for Nature and 
Environment maintains a comprehensive web dataset (http://www.elwasims.nrw.de/ims/ELWAS-
IMS/viewer.htm) with >52,000 groundwater monitoring sites. By clicking each site, well 
information (location, depth, aquifer type) is displayed and long-term time series of summer and 
winter water levels can be downloaded as excel files. Because of the large number of wells, we 
requested the entire dataset which was graciously sent to us in its entirety.  After removing sites 
with missing water level, location and well depth, and after removing wells deeper than 50m (to 
emphasize shallow aquifers, affordable due to the large number of wells) we retained 28,386 sites 
with record length of at least 1yr, which ranged from 1-107yr with a mean record length of 25yrs.  
In Saxony, the state Agency for Environment and Geology maintains a website holding all 
geospatial data of the state including groundwater measurements at over 1,300 wells of its dense 
monitoring network 
(http://www.umwelt.sachsen.de/umwelt/infosysteme/weboffice/synserver?project=wasser&languag
e=de&view=gwm). Recent and long-term (multi decades) water level readings can be downloaded 
by selecting polygons. We obtained the mean water table depth at 655 monitoring wells. In Saxony-
Anhalt, the state Agency for Flood Protection and Water Management (LHW) publishes reports of 
surface and groundwater monitoring results (www.lagb.sachsen-anhalt.de/). Reports for 2008 and 
2009 are available from which 301 shallow monitoring wells (<50m deep) have water level 
readings (1 to 6 times). In Schleswig-Holstein, the state Agricultural and Environmental Atlas 
displays over 1000 groundwater level and quality monitoring wells 
(http://www.umweltdaten.landsh.de/atlas/script/index.php). By clicking each well, the latest 100 
water level measurements are displayed. Because of the high density of wells, we chose only those 
that are <50m deep to better reflect the phreatic aquifer conditions, and if there are multiple wells at 
different depth at each site, the shallowest (coded F1) is chosen. The mean water levels at a total of 
397 wells are obtained. A total of 30,244 site observations are compiled from the above 7 state 
governments. Data was not found for other states because they either do not have an open data 
portal, or charge a fee to send us the data that we do not have funding for, or did not respond to our 
email requests.  

In the Netherlands, the Dutch Institute of Applied Geoscience (TNO-NITG) maintains a 
national database on groundwater at tens of thousands of wells (DINO, 
http://www.dinoloket.nl/en/DINOLoket.html) free for non-commercial use. The well data, 
organized into 6 regions, are downloaded and the mean of each time series is obtained at 43,399 
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sites, the entire DINO database. The Netherlands have the densest water table observations of all 
nations. Widespread groundwater pumping for water supply and land drainage throughout the 
centuries has been well documented (36). 

In the Iberian Peninsula (Portugal and Spain), data were obtained from the Instituto Geológico 
y Minero de España (IGME, Institute of Geology and Mining of Spain) and from the Portuguese 
Sistema Nacional de Informação de Recursos Hídricos (SNIRH, National Information System for 
Hydrological Resources, http://snirh.pt/index.php?idMain=). Both nations have a state-owned 
groundwater monitoring network. Additional data for Spain were compiled from several 
Confederaciones Hydrográficas (rivers Ebro, Duero, Tajo, and Júcar), agencies managing the main 
watersheds within the country. Most records in the dataset consist of measurements reported at 
irregular time intervals, in general once per month or at least several per year, for a time span of a 
few years. Discarding locations with well depths of more than 100 m to eliminate measurements in 
confined aquifers, we have a total number of 2,601 observation points. We only retained points with 
temporal records longer than 4 years (2,085 in total). Water table decline due to pumping is 
apparent in the south of the northern plateau region (Castile and León, Spain), and it is even more 
acute in La Mancha and the province of Alicante in eastern Spain. There are problematic sites 
spread out elsewhere, especially in the South. In a Mediterranean climate, the growing season 
coincides with the dry season, so pumping for irrigation occurs even in wet years. We eliminated 
sites with declining trends of > 0.6 m per year. The number of points eliminated in this manner is 
445, leaving 1,640 sites. 

A total of 78,180 site observations were compiled from Western Europe. 
 

S1.3. Australia 
Groundwater monitoring and data archiving are administered by the individual territories. 

Some of them make the data free to the public via web-download or a formal request, and others 
charge a fee for data processing. The territory of New South Wales maintains a groundwater 
database (http://www.waterinfo.nsw.gov.au/) of 126,900 wells. We obtained the entire record with a 
processing charge of $220. Only wells <100m deep, with complete latitude and longitude 
information are retained, giving a total of 26,857 wells. Our data request to Northern Territory was 
not answered, but borehole logs are free to the public from the interactive map site of NRETA 
(http://www.nt.gov.au/nreta/water/ground/index.html). By clicking each individual bore on the map, 
the location, well depth and water level are recorded. But water level is missing at most of the many 
thousands of wells, particularly the shallow wells that are desirable for our purpose. In addition, a 
value of zero was entered where the water level is missing, hence excluding the wells where the 
water level is indeed at the land surface. Large and dense clusters of wells are found over cities, 
which are avoided because of heavy pumping reported at the wells. Large production and irrigation 
wells in the rural area are also excluded to minimize pumping influence. Where multiple wells are 
shown at a single location, the shallowest one is chosen. This labor-intensive effort took several 
months and yielded a total of 3,274 site observations. Thousands of observation wells are 
maintained by the Queensland Department of Environment and Resource Management 
(http://www.derm.qld.gov.au/services_resources/item_details.php?item_id=32731). Our request 
was granted and we obtained the entire archive of the observation network. After removing wells 
>100m deep, we retained the mean of multiple readings at 4,292 wells. In South Australia, the 
OBSWELL program of the Department of Water, Land and Biodiversity Conservations maintains 
>800 observation wells (no pumping) which can be freely downloaded 
(https://obswell.pir.sa.gov.au/new/obsWell/MainMenu/menu). After removing deep wells (>100m) 
and artesian wells (head above land surface), 456 wells are retained. The Victoria State Observation 
Bore Network (http://www.water.vic.gov.au/monitoring/groundwater) monitors the groundwater 
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quality at ~2500 wells with the data free to the public. Using “Selection by measurement type” we 
found 660 of the wells with water level data. Data for each well was downloaded and processed one 
by one. After removing deep wells (>100m) we obtained 477 time series of water level (6 to 3780 
measurements). The entire archive on groundwater wells in Western Australia was downloaded via 
the Geographic Data Atlas website 
(http://www.water.wa.gov.au/Tools/Maps+and+atlases/Geographic+data+atlas/default.aspx) 
maintained by the Department of Water (DoW) Water Information (WIN), totaling 60,878 wells 
with static water level data. The aquifer type information 
(http://www.anra.gov.au/topics/water/overview/wa/gmu-perth-superficial.html) allowed us to 
remove wells not in the “surficial” or “superficial” category, leaving 48,261 wells.  

A total of 83,617 well site observations were compiled from Australia.  
 

S1.4. South America 
We searched the government database of each country in S. America and each province 

except for Brazil and Chile which have national archives. To supplement the sparse observations, 
we searched the published literature. Many articles are found that reported the water table depth. 
Where data are presented as plots or maps we recorded the approximate values. 

In Argentina, groundwater information is collected by water companies associated with 
provinces or municipalities in different ways with different quality controls. Requests sent to the 
individual provinces (http://www.hidricosargentina.gov.ar/sitios-organismos.html) were not 
answered. Searching province websites yielded data from La Pampa, La Rioja, and Mendoza. In La 
Pampa, WTD time series exist at 73 wells (see 
http://www.bdh.lapampa.gov.ar/lapampa/well/list.jsp) with 7 showing water level changes >200m 
in a month, likely caused by pumping in confined aquifers and hence removed. For La Rioja 
(http://www.larioja.gov.ar/sda/secundarias/perforaciones.html) water levels are found but well 
location is in descriptive terms such as “4 km al norte de Vinchina sobre banquina der. Ruta a Valle 
Hermoso” (4 km north of Vinchina on the right side of the road to valle Hermoso). Fifteen 
publications are found where the observations were not affected by irrigation or pumping (37-51). 

In Bolivia, no government data was obtained despite repeated requests. One published article 
reported observations in the Bolivian Amazon (52).  

The Brazilian Geological Survey is the largest data source with over 33,570 wells in 
unconfined aquifers (http://siagas.cprm.gov.br/wellshow/indice.asp?w=800). But they are 
concentrated in the developed east and southeast and clustered over large metro regions (Fig. S2). 
The wells are drilled for groundwater exploitation; groundwater is considered cleaner and has 
become a major source for municipal supply. About 95% of the wells in the dataset report high 
pumping rates. Figure S2 shows the principle aquifers and aquifer systems (color patches) and the 
metro regions in Amazonia situated on and are supplied by these aquifers. Some of the aquifers in 
the east have seen regional water table decline of >20m in recent years. Fourteen publications are 
also found with observations (23, 25, 53-63). 

In Chile, WTD time series are found for 30 wells by Dirección General de Águas 
(http://www.dga.cl/index.php?option=content&task=category&sectionid=16&id=43&Itemid=169), 
plus one publication (64). 

Repeated requests to Colombia were made. We found one publication with 1 observation (52). 
In Ecuador, the Instituto Nacional de Meteorología e Hidrología provides an inventory list of 

3,589 wells and springs (http://www.inamhi.gov.ec/html/inicio.htm) but actual water level is 
published only for the Rio Mira basin (146 sites). Observations at 5 sites are reported in a 
publication (52). 
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The Insituto Nacional de Recursos Naturales of Peru holds pfd reports of hydrogeology 
investigation (17 reports at http://www.inrena.gob.pe/irh/irh_est_hidrogeologicos.htm, and 29 
reports at http://www.inrena.gob.pe/irh/irh_proy_asubterraneas_act.htm) but they do not give 
information on the location of the thousands of wells, except for the valley of Ica which has a 
separate inventory report (on bottom of the page: 
http://www.inrena.gob.pe/irh/irh_proy_asubterraneas.htm) yielding 66 site observations. We 
emailed and telephoned the contact given on the website and were assured that an expert would get 
back to us. The report of Iquitos includes a map of the wells, which is gridded into 128 cells of 
300m by 300m and the mean in each cell is averaged. The report of Motupe includes a map of cities 
after which groundwater zones are named and water table range given, yielding 13 points. The same 
method is used to obtain 16 points from the La Leche report and 2 points from the Pucallpa report. 
Observations at 21 sites in the Peruvian Amazon are found in two publications (52, 65). 

For Suriname, a Ph.D. thesis provided detailed studies of the rainforest climate, geology, 
hydrology and ecology (66). 

In Venezuela no government data were obtained despite repeated requests. Two publications 
are found with study sites in southern Venezuela (67-68). 

A total of 34,508 site observations were compiled from the continent of S. America. 
 

S1.5. Africa 
The Scientists of the French-sponsored research project AMMA (African Monsoon 

Multidisciplinary Analysis, see http://amma-international.org), Drs. Guillaume Favreau, Yahaya 
Nazoumou, and Luc Séguis kindly provided us with 197 site observations of water table depth, 
which was the largest data source we found in Africa. From published literature, we found another 
234 site observations from 18 African nations (69-104), making a total of 431 data points from 
Africa.  

 
S1.6. Asia 

A lack of open-access government data necessitated a country by country search. An extensive 
search of published literature resulted in 99 articles with water table reported at 1,143 locations. 
Widespread groundwater pumping, irrigation and drainage led to many of the published data not 
useful for our purpose (focusing on natural hydrologic conditions) so hundreds of papers are 
reviewed but not reported here. 

The Bangladesh Water Development Board mains a national network of ~1,255 shallow 
groundwater monitoring wells with decades of water level data sampled at weekly intervals 
(http://www.bwdb.gov.bd/), but the data is not freely accessible. Our literature search lead us to two 
published papers (105-106) that applied the dataset to investigating groundwater changes. The 
authors of the papers, Drs. M. Shamsudduha and R. Taylor graciously sent us the data they had 
negotiated with the Bangladesh Water Development Board through an agreement. To minimize the 
influence of groundwater pumping induced water level decline, only the data collected in 1976, the 
beginning of groundwater monitoring and representing the pre-development period, is selected. This 
has reduced the number of wells to 234. The yearly mean of weekly observations are used here. 

One paper was found in a tropical evergreen forest in the Mekong Basin in Cambodia with 
one well (107). 

There exists an extensive literature on groundwater investigations in China, but most focused 
on regions with large-scale and long-term irrigation, river diversion and groundwater pumping such 
as the North China Plain and the Tarim Basin. Excluding those or selecting data from pre-
development periods when available, we are left with 23 publications (108-130) from which we 
compiled 146 site observations. 
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The India Central Ground Water Board manages ~15,000 groundwater monitoring wells 
(http://www.india.gov.in/outerwin.php?id=http://cgwb.gov.in/) with the aid of the World Bank, but 
the data are not publically available. We searched the literature and found 36 published field studies 
(131-166), from which we obtained 242 well observations. Groundwater pumping and irrigation 
occur widely in India as reported in the literature, and we attempted to select data that are least 
affected (e.g., discarding data obviously affected, and using pre-development period).  

The Iran Water Resources Management Company (http://www.wrm.ir/) under Ministry of 
Energy holds a large amount of groundwater information as cited by published literature as the data 
source, but the site is only available in Persian language. We found a large body of published 
literature on groundwater conditions but most of the study sites are either heavily irrigated or the 
groundwater severely depleted. We found nine studies that are focused on the geology in 
undeveloped regions of Iran or presented data in the 1980s and 1990s before the severe decline was 
detected (167-175). We obtained 102 site observations. 

For Kuwait, one paper was found reporting water table depth for 8-10yrs at six wells (176). 
For Mongolia one paper was found that reported water table depth at one location using 

ground penetrating radar (177). 
For Oman, two papers were found reporting water table depth at 30 wells (178-179). 
For Pakistan, one paper was found with data at 3 sites (180). Others did not give well location. 
We found eight articles reporting water table depth in Russia (29, 181-187) at 14 sites. 
We found four articles (188-191) reporting observations at 6 sites Saudi Arabia. 
The South Korean National Groundwater Monitoring Stations (NGMS) maintain 320 

monitoring wells since 1995, but the data download websites are not available in English. Two 
papers described the network and analyzed groundwater trends (192-193), and we obtained the 
mean water level at 154 shallow wells from the author Dr. J-Y Lee. 

Two papers are found (194-195) reporting 4 site observations in Thailand. 
Although there exists a large number of groundwater studies in Turkey almost all are over 

regions with intense irrigation and drainage. Three papers are found in natural settings or with pre-
development data (196-198) giving 14 site observations. 

Two papers are found with detailed investigations in United Arab Emirates (199-200). One of 
them provides a high resolution water table contour map based on a dense seismic survey for oil 
exploration conducted by the US Geologic Survey. Together 184 site observations are obtained. 

Two papers gave 2 site observations on the Mekong Delta, Vietnam (201-202). 
A total of 1,143 data points are obtained from Asia. 
 

S1.7. Summary 
There are also indirect data sources such as mapped perennial wetlands and streams where the 

water table is at or above the land surface, but they are not used here to avoid biasing the 
observations toward shallow WTD conditions. We obtained a total of 1,603,781 site observations, 
1,405,902 from N. America, 83,617 from Australia, 78,180 from Western Europe, 34,508 from S. 
America, 1,143 from Asia, and 431 from Africa. Our data compilation is ongoing and the amount of 
data will grow as more government agencies make their data available online and as we continue to 
search for published observations. 
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S2.  The Groundwater Flow Model 
 
S2.1. Formulation 

We evoke hydrologic equilibrium to focus on the spatial patterns resulting from long-term 
adjustments of water balance to the mean climate, terrain and sea-level forcing (Fig. S3). Climate is 
expressed in the recharge flux (R), equivalent to soil drainage, obtained from global land models 
(R=P-ET-Qs, P=annual precipitation, ET=evapotranspiration, Qs=surface runoff). Terrain influence 
is by gravity-driven groundwater convergence (Q) from high to low elevations per Darcy’s law 
(SM). Along coastlines the water table equates the sea level (hydraulic head boundary condition). 
Thus the recharge (R) in upland cells sustains lateral divergence (sum of Q in 8 directions), which 
converges into valley or coastal cells feeding wetlands and rivers (Qr). Thereby climate-induced 
vertical influx is redistributed laterally by terrain-induced groundwater flow, ultimately constrained 
by the sea level, and the WTD at any location reflects this recharge-drainage balance.  

At the hydrologic equilibrium, mass balance dictates that at a hillslope cell, recharge (R) 
balances lateral divergence (sum of Q) to the lower neighbors (Fig. S3a): 

 
           (S1) 
 
In valley cells, lateral convergence (sum of Q) balances discharge into rivers and wetlands 

(Qr): 
             

           (S2) 
 
Equation (S2) also applies to coastal cells where groundwater emerges before the sea. River-

wetland cells appear naturally in the simulation where water table rises above land surface as 
determined by mass balance. At these cells, the water table is reset at the land surface at each 
iteration step, mimicking the removal by surface drainage and evaporation. The lateral groundwater 
flow between model cells (Q) is calculated with the Darcy’s Law (203), which relates the water 
table slope to the flow rate: 

   





 


l

hh
wTQ n        (S3) 

 
where Q is the flow between the center cell and neighbor n, w the width of cell interface, T the 
transmissivity (explained later), h the water table head above sea level, hn the head in neighbor cell 
n, and l the distance between the center of the two cells. To obtain T (integration of hydraulic 
conductivity over flow depth), we examine two cases (Fig. S3b): water table above or below the 
depth (d0) of known hydraulic conductivity (K0). The distinction is necessary because global soil 
datasets do not include information beyond ~1 m depth, and the two cases must be treated 
separately. In Case-a, the water table depth d1 is above d0 and we have, 
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where z’ is depth below d0, with K assumed to decrease exponentially from K0 (more later), 
 

   K = K0 exp (-z'/f)      (S5) 
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where f is the e-folding depth (more later). In Case-b, the water table is d2 below d0 and we have, 
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   (S6) 

 
where z is land surface elevation of the center cell.  
 
S2.2. Hydraulic Conductivity 

To calculate groundwater flow, hydraulic conductivity K for the geologic material is needed 
beyond the top ~1 m of soil. A global permeability dataset has been created (10), but due to 
technical difficulties, we could not adopt it in the present modeling framework. Lacking better 
alternatives, we rely on a common assumption on its vertical distribution. Continental crustal and 
sediment permeability generally decreases exponentially with depth at kilometer to decameter 
scales (204-206) because weathering and pressure release initiate at the land surface. In the absence 
of real aquifer hydraulic parameters, many studies have relied on this general relationship to capture 
this systematic change in permeability with depth (205).  

However, the rate of decay, as represented by the parameter f (Eq. S5), cannot be uniform 
across all geologic settings but should reflect the sediment-bedrock profile at a location. This profile 
is a complex function of geologic, climate, and biotic history, but the weathering-erosion-
sedimentation balance depends strongly on terrain slope (207); steep slopes shed and flat valleys 
accumulate sediments. Climate plays a key role but the mechanisms are more complex; low rainfall 
produces low erosion leading to sediment accumulation and deep regolith; but high rainfall leads to 
deep percolation, denser biota, enhancing weathering and resulting in deep regolith as well. For 
simplicity with the first order control, we consider the terrain slope only.  

The f as a function of slope s is determined by calibration to best reproduce water table and 
wetland observations in N. America (3, more discussed under Model Calibration and Evaluation): 

 

   
bs

a
f




1
,    f >fmin      (S7) 

 
where a, b, and fmin are calibration constants, and s is the terrain slope.  

In our earlier work over N. America (3), the digital land elevation is the 1 km grid GTOPO 
over the US, the most accurate dataset for the US obtained by digitizing USGS land survey maps. 
For the rest of the world, GTOPO has varying degrees of accuracy depending on local data source. 
For this study, we need a global coverage with consistent accuracy. We use the 30” grid USGS 
HydroSHEDS from NASA Shuttle Radar Topography Mission (SRTM) and processed for 
hydrologic studies such as delineating river networks (dams removed, pits filled) 
(http://hydrosheds.cr.usgs.gov/). Since SRTM does not cover beyond 60oN, topography of higher 
latitudes is obtained from the NASA-JPL ASTER Global Digital Elevation Map 
(http://asterweb.jpl.nasa.gov/gdem.asp) at the 1” (~30m) grid averaged to 30” for this study. We did 
not use the ASTER for the entire globe despite its global coverage because the product exhibits NE-
SW stripes (satellite paths, see Fig. S12 and S14, north of 60oN). This composite global elevation 
dataset is the best for our purpose at the present. Terrain slope (s, in Equ. S7) derived from this 
dataset, at the 30 arc-second grid, is shown in Fig. S4a.  
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Equation S7 was developed for the temperate regions of N. America and it leads to a water 
table that is too deep in cold climate with frozen ground, the latter hydrologically manifested as 
impeded drainage similar to thin soils over bedrocks. We modify Eq. S7 to include the temperature 
control on drainage depth. Both seasonal-frost-penetration-depth and permafrost-seasonal-thaw-
depth follow the spatial pattern in winter air temperature (208). Soil thermal properties (e.g., peat 
content), geothermal gradient, snow depth and soil water content also influence the freeze-thaw 
depth, but we maintain simplicity and consider only the first-order control by introducing a two-
piece linear temperature modifier, fT, 

   fT = 1.5 + 0.1T  (-14 oC < T < -5 oC, fT<=1)    

   fT = 0.17 + 0.005T (T < -14 oC, fT>=0.05)    (S8’) 

 
where c1, c2, c3 and c4 are calibration constants (discussed under Model Calibration and Evaluation), 
T is January surface air temperature in oC (Fig. S4b), -5 oC corresponds to the approximate southern 
limit of significant seasonal frost penetration (>0.5 m) (209), and -14 oC corresponds to the 
approximate southern limit of patchy permafrost associated with peat accumulation in N. America 
(208). The constants are adjusted to best reproduce observed wetland areas in these two thermal 
regimes (3). The final f is the product of Eq. S7 and S8. The result (Fig. S4c) is a diminishing soil 
depth (lower f) at steeper slopes and lower temperature, reflecting land slope in warmer but winter 
temperature in colder climates. Large f values represent deeper aquifers, larger flow cross-sectional 
area (larger conduit), and hence more efficient cell-to-cell groundwater flow. We note that Fig. S4c  
correlates very well with the sediment thickness (http://igppweb.ucsd.edu/~gabi/sediment.html) in 
the top 2 km of earth’s crust in the warmer parts of the continents, suggesting that our slope-
dependent permeability profile captures the first-order physical principle that erosion moves 
sediments from high-steep slopes to low-flat basins. 
 
S2.3. Soil Hydraulic Parameters 

Soil information is derived from UNESCO Food and Agriculture Organization (FAO) digital 
soil map of the world (http://www.fao.org/nr/land/soils/digital-soil-map-of-the-world/en/) at the 5 
arc-minute spacing, replaced in the US with STATSGO 
(http://soildatamart.nrcs.usda.gov/SDMDB/GSMFULL.htm) from the US Department of 
Agriculture (USDA) at 30 arc-second grids. Fractions of silt, clay, sand, and organic carbon are 
used to produce 12 soil-texture classes according to the USDA classification system 
(http://soils.usda.gov/education/resources/lessons/texture/). Organic soil (peat) is identified as soil 
organic carbon >12% (210). The 12 classes are assigned permeability (K0 in Eq. S4-S6) with 
empirical functions (211) widely used by the climate and hydrologic modeling communities.  
 
S2.4. Water Table Recharge 

The climate forcing is the recharge, R in Eq. S1 and Fig. S3a, or the net flux across the water 
table. Point measurements using tracers or catchment assessments using mass balance or 
hydrographs are by necessity limited to individual sites. A global assessment of this flux, in a 
climatologic-mean sense, is best achieved by fully coupled vegetation-soil-groundwater model 
simulations, forced by observed atmosphere and constrained by field measurements. Figure S5 
shows the six global model estimates considered here: Döll-Fielder (8) using the WaterGAP Global 
Hydrology Model WGHM over 1961-1990, forced by two observation-based global precipitation 
products (CRU and GPCP), Wada-et-al (212) using the global hydrology model PCR-GLOBWB 
over 1958-2000, and by three land hydrology models (CLM, MOSAIC, and NOAH) in the Global 
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Land Data Assimilation System (GLDAS) over 1979-2008 (213). The two Döll-Fielder estimates 
are nearly identical and the mean is used here. We note that only Döll-Fielder estimates are 
validated with observed streamflow records (they used >2000 records worldwide). The three 
GLDAS estimates, although with identical forcing, differ greatly from one another. We evaluated 
all of the recharge estimates over N. America where observations are most abundant. Döll-Fielder 
GLDAS-CLM3 gave the results that best reproduced the observed water table depth and wetland 
extents in N. America (details later), and hence are used for subsequent analyses and discussions. 

The sensitivity of the simulated WTD to the choice of recharge was investigated in detail in N. 
America where the three GLDAS estimates are applied (3) and in S. America with an additional 
estimate from ECMWF land model HTESSEL (214). The results show relatively low impact on the 
simulated water table. The low sensitivity to recharge is due to the well-known self-limiting 
groundwater drainage process (215-218); as recharge increases, the water table rises, steepening the 
hill-to-valley hydraulic gradient, and expanding the channel network through groundwater seepage, 
both accelerating drainage and bringing down the water table; as the recharge decreases, the water 
table falls, flattening the hydraulic gradient and lowering the water table below stream beds, both 
reducing discharge and preserving groundwater stores. This negative feedback dampens the water 
table sensitivity to recharge uncertainties.  

We note that the recharge estimates considered here are likely biased high in the arid, internal-
drainage basins where lateral river and groundwater convergence to the valleys supports high 
evapotranspiration rates leading to the formation of salt lakes and playas. That is, recharge on the 
arid valley floors is in reality negative (net loss to the soil and atmosphere above). For example, 
evaporation from the floor of Pilot Valley near the Nevada-Utah border in the US was estimated to 
be ~1,380 mm/yr based on multiple field methods (219); given that precipitation is ~80 mm/yr 
(220), the recharge is -1,300 mm/yr.  However, without lateral convergence in these global models 
used to obtain recharge here, such high ET is not possible because it is limited by local rainfall. 
Without the large negative recharge here, our model must allow the water table to rise to the land 
surface to be removed (recall that it is reset to land surface at each iteration step, mimicking surface 
water drainage and evaporation). The recharge bias will no doubt lead to a simulated water table 
that is too shallow in the arid valley floors. We note that Döll-Fielder recharge is significantly lower 
than CLM recharge in the arid parts of the world, and we expect that it will perform better in these 
regions. 
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S3.  Model Evaluation 
 

 Figure S6 gives a visual comparison between the observed and simulated water table depth 
(WTD) in Western Europe at the grid cells with observations. Western Europe is shown because of 
its dense and long-term records, and the wide range of observed WTD. The deeper observed water 
table in Spain and France is at least partially caused by pumping that is absent in the model. The 
WTD in the more humid areas (Netherlands and Germany) agrees well between observations and 
the model. Statistical evaluation is presented later. 

 
S3.1. Calibration Using Observations from Temperate N. America 

The parameter f (in Eq. S5, the e-folding length of exponential decrease of hydraulic 
conductivity with depth) is calibrated to empirically constrain the constants in Eq. S7 and S8. The 
functional forms are as simple as possible (minimum parameters) that give the desired properties 
(nonlinear, negative slope) while the constants are obtained from multiple simulations to minimize 
the residual (model-observation).  

Earlier we calibrated Eq. 7S over temperate N. America (lower 48 states) at the grid resolution 
of 1.25 km using 549,616 site observations compiled up to then (221). Tens of simulations were 
performed to produce the target residual distribution by manually adjusting a and b in Eq. 7S. The 
result was, 

 

s
f

1501

120


 ,    f >5m   (grid = 1.25km)   (S7’) 

 
That is, at completely flat cells (s=0), the e-folding depth is 120 m, at which the hydraulic 
conductivity K is reduced to 1/e or  37% of the surface value, a very deep sediment profile indeed as 
commonly observed in large sedimentary basins and coastal plains.  

However the constants in Eq. S7 depend on model grid resolution. As grid size decreases, 
local topography is better resolved, the apparent land slope is steeper, and drainage is accelerated, 
resulting in a deeper water table under high grounds. The grid size of 1.25 km used to derive Eq. 
S7’ above is chosen because the goal of that study was to couple the water table dynamics to a 
specific regional climate model (RAMS) configuration, with a common land grid of 12.5 km over 
N. America in the polar-stereographic projection. The 1.25 km grid for the water table simulation 
there divide each land grid cell into 10x10 subgrid cells to capture the local features in WTD.  

Because of their scale-dependence, the constants in Equation S7 were adjusted in a following 
study (222) of N. America climatologic WTD and soil moisture, using the latitude-longitude-based 
grid system adopted in digital terrain datasets. Terrain is the main driver of groundwater divergence 
and convergence, and using the original terrain grid minimizes distortions caused by re-sampling to 
different projections (such as the one used in RAMS). Consequently a latitude-longitude grid 
system of 30 arc-sec (~1km) was used (222). Because of the finer grid (~1km vs. 1.25km), we had 
to recalibrate Eq. 7’: 

 

  
s

f
1501

100


 ,     f >2.5m   (grid=30 arc-sec)    (S7’’) 

 
That is, the apparent steeper slope in the finer grid was compensated by a shallower soil-sediment 
profile, or a smaller flow cross-section, which reduced groundwater divergence and maintained a 
higher water table.  
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Equation S7” does not account for the effect of frozen ground on drainage, and in a 
subsequent study (3) that includes the permafrost regions of Canada and Alaska,  we introduced a 
temperature modifier (Eq. S8) for seasonally frozen and permafrost zones respectively, using simple 
linear equations of winter air temperature T. The parameters in Eq. S8 are calibrated with over ten 
simulations to compare the simulated wetland area (WTD<0.25 m) with mapped wetlands in 
northern US and Canada (3),   

    fT = 1.5 + 0.1T  (-14 oC < T < -5 oC, fT<=1)    

    fT = 0.17 + 0.005T (T < -14 oC, fT>=0.05)   (S8’) 

These two empirical equations (S7” and S8’) are used in the global study here, at the same latitude-
longitude projection and grid resolution of 30 arc-second. 

First we show the calibration statistics using WTD observations in the temperate N. America, 
defined by mean January temperature above 5oC.  We examine the residual, model water table head 
(h) minus the observed head (ho). If there are multiple observations within a 30” model grid cell, the 
mean is used. The calibration target is a residual distribution that is symmetric with a zero mean and 
low standard deviation, and low systematic dependence on climate (temperature, precipitation) and 
terrain (elevation, slope). We present both simulations forced by CLM and Döll-Fiedler recharge.  

The residual statistics are shown in Fig. S7 based on 449,728 model cells with observations. 
On the average, the model water table is 0.04m (CLM) to 1.69m (Döll-Fiedler) lower than 
observed. The residual histogram (Fig. S7a) is nearly symmetric, but the peak is in the 0-2m bin. 
We made no attempt to eliminate the shift, because widespread groundwater pumping is known to 
have lowered the observations (Fig. S1), supported by the fact that the high bias tends to occur at 
warmer-wetter climate (positive correlation with temperature, Fig. S7b, and precipitation, Fig. S7c), 
and it also tends to occur on lower and flatter land (negative correlation with elevation, Fig. S7d, 
and slope, Fig. S7e), because groundwater pumping for irrigation tends to occur in these settings 
desirable for agriculture.  

There is a small negative skew in the residual histogram (longer tail on the left), that is, there 
are more large negative residuals (simulated water table too low) than positive ones. The correlation 
plots suggest that the large negative bias tends to occur at cooler and drier climate and higher and 
steeper terrain. Two clusters of low bias are particularly visible in the plot of residual vs. 
precipitation (c), with one corresponding to the Rocky Mountains region over the 200-500 mm 
precipitation range, and the other the Appalachian Mountains region over the 1,000-1,250 mm 
precipitation range. The reason is that the model grid spacing (30”, ~1km) is too coarse to resolve 
the intricate valleys and to compare with point observations. In nature, the high local relief 
redistributes the available recharge into the narrow local valleys, creating locally high water table 
(as observed by the USGS monitoring wells); in the model, the large flat cell only drains to the next 
flat cell, which, although represents regional drainage well, obliterates local drainage. The above 
calibration exercise, using observations in temperate N. America, allowed us to obtain the empirical 
parameters in equations S7” and S8’. We now validate the model over other parts of the world. 

 
S3.2. Evaluation Using Observations from Boreal N. America 

The residual statistics based on WTD observations in Boreal N. America (mean January 
temperature lower than 5oC). The inclusion of the recently obtained large number of observations in 
Canada allows us to evaluate the model using this independent dataset over a region significantly 
affected by permafrost and seasonally frozen soils. Figure S8 gives the residual statistics for both 
simulations. 
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The most notable difference is the narrower and sharper residual histogram compared to Fig. 
S7, especially in the simulation forced by Döll-Fiedler recharge. This is due to the tendency of the 
model to better represent lowland and coastal areas where land drainage is more controlled by 
groundwater convergence and sea level, and hence less sensitive to recharge and hydraulic 
parameters (more discussion later). Note that the lack of observations in the deep permafrost further 
north still leaves the model untested in such settings. 

 
S3.3. Evaluation Using Observations from S. America 

Figure S9 gives the residual statistics. Similar to N. America and for the same reasons 
(pumping and coarse grid resolution in rough terrain), the model water table is higher than observed 
(positive residual) at low elevations and flat lands, and lower over high and steep terrains. As in N. 
America, pumping has caused significant water table declines, particularly in eastern Brazil (Fig. 
S2). Brazilian wells account for ~99% of the observations, and of which ~95% are pumping wells 
themselves. 

 
S3.4. Evaluation Using Observations from Europe and Africa  

Figure S10 gives the residual statistics for the two simulations. The dense spatial coverage and 
the long records (most over several decades) in Western Europe reduced the spatial gaps and 
temporal noises in the observations, contributing to the narrow and tall histograms (note the 4 times 
higher vertical axis than Fig. S9). The high bias tends to occur in flat terrains (e), again attributable 
to pumping; widespread pumping for water supply and improving land drainage is documented in 
the Netherlands (36) and in Germany where 70% of drinking water is obtained from the shallow 
aquifers (http://www.bgr.bund.de/EN/Themen/Wasser/wasser_node_en.html). 

As shown in Fig. S6 which compares model and observations at the individual observation 
sites in Europe, the model is closer to observations where the water table is shallow (the 
Netherlands, Germany, and along coastlines), where the water balance is strongly controlled by 
groundwater convergence from the neighbors (plentiful source) and topography and sea level (water 
table cannot be above land surface or below the sea level, putting predictable constraints). But over 
groundwater divergent regions where the water table is deep, the water balance is more sensitive to 
pumping, recharge and hydraulic parameters. The presence of shallow water table in the 
Netherlands and northern Germany, in addition to the dense and long-term observations, also 
contributed to the narrower residual histograms in Fig. S10. 

 
S3.5. Evaluation with Observations from Australia and Asia 

 Figure S11 gives the residual statistics. Unlike the other continents, the simulated water 
table on the average is substantially lower than observed (CLM 5.08 m lower, and Döll-Fiedler 8.92 
m lower).  The low bias largely occurs in temperate climates and over moderate slopes. One likely 
reason is that the observations are made in shallow artisan aquifers where the groundwater is under 
higher pressure than phreatic conditions (e.g., some of the wells report water levels up to 38m above 
land surface), and another reason is the widely reported perched water table in the wet season (some 
due to irrigation) which is elevated above the mean regional water table. These data points are 
difficult to remove because most of the state-territory databases in Australia do not differentiate the 
aquifer types and/or report well depths. It is also likely that both water table recharge estimates are 
biased low over Australia. At the present, we need to keep in mind in the subsequent analyses that 
the simulated water table depth can be on the lower side over this continent. 

Table 1 summarizes the residual statistics of the five continental regions forced by both 
recharge estimates, as well as the global statistics (graphs similar to Fig. S7-S11 and hence not 
shown). For the global statistics, only the results from Döll-Fiedler recharge is shown, but 
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differentiations are made between regions of observed shallow (<5 m) and deep water table (>5 m), 
for the purpose of evaluating the model in different groundwater regimes (convergent vs. 
divergent). Over all continents, the CLM recharge gives a higher (or shallower) water table than 
Döll-Fiedler recharge. Globally, the model forced by Döll-Fiedler recharge is on the average 1.62 m 
deeper than observed, and it tends to perform better in shallow water table regions (higher and 
narrower histogram, or lower standard deviation). Since our estimates of groundwater-affected 
ecosystems focus on the shallow end of the water table distribution, it is encouraging that the model 
performs better here.  

Given the minimal model construct (Darcy’s law and mass balance), simple permeability 
function (exponential decay in depth depending on terrain slope and winter temperature), the lack of 
real and local permeability data that affects the local water table height, the scale difference 
between model and observations (1 km grid cell vs. a well point), the large temporal noise in the 
observation (each data point has a different time stamp), and the effect of groundwater pumping and 
drainage on the observations, we consider the global simulations here adequate for the purpose of 
understanding large-scale features in water table depth and the influence of climate, terrain and sea-
level drivers.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



17 
 

S4. Detailed Maps of Simulated WTD and Ramsar Wetlands 
 
 Below we present the continental maps of simulated WTD showing more details than the 
global map of Fig. 3. Smaller zoomed-in images give examples of WTD relationship to land 
ecosystems. On the maps we also marked the 85 largest (>5,000 km2) of the 2,048 Ramsar 
Wetlands of International Importance (http://www.ramsar.org/cda/en/ramsar-documents-
list/main/ramsar/1-31-218_4000_0__) recognized for their “significance in terms of ecology, 
botany, zoology, limnology and hydrology”. They are listed in Table S2, ranked by protected area 
within each continent. Note that the area shown are the protected (not the full) area extent, which is 
the reason that the largest ones are found in undeveloped regions such as Africa where natural 
wetlands are largely intact; in the industrialized world, natural wetlands have been encroached by 
human activities; for example, ~53% of the natural wetlands in the lower 48 states of the US have 
been destroyed since European settlement (223). These Ramsar wetlands are shown here to 
illustrate the link between shallow water table and land drainage. Large and ecologically valuable 
wetlands are found in the arid Sahara and Sahel of Africa, for example, not attributed to climate but 
to land drainage.  
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S5. Water Table Depth as a Wetland Indicator 
 
 In an earlier study (3) we provided a literature review and synthesis of hydrologic mechanisms 
of wetland formation regarding the role of shallow groundwater; the latter supports surface-water-
fed wetlands by maintaining a saturated substrate (inhibiting infiltration loss) or directly feed 
wetlands in regional discharge zones. This is the reason that the water table map closely resembles 
the wetland map at continental to hillslope-valley scales (3, and Figs. S12-S16). Here we delineate 
wetlands from the simulation as grid cells where the water table is within 0.25m of land surface 
based on the literature survey (3) over N. America where wetlands are mapped in details. Figure 
S17 plots such obtained wetland area with mapped wetlands in Alaska and Canada (top) and the 
lower 48 states of the US (bottom, pre-development or natural wetlands, 223), from the simulation 
using CLM recharge (left) and Döll-Fiedler recharge (right), with Pearson correlation-coefficient 
shown. Canada and Alaska wetlands are plotted separately because they are affected by frozen 
grounds.  
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S6. Estimating Global Land Areas Potentially Affected by Shallow Groundwater 
 
 Although CLM gives a better residual statistics, Döll-Fielder gives a closer estimate of 
wetland extent. Döll-Fielder also has a lower recharge bias in arid regions, and hence will be used 
for the estimates here. The WTD distributions are shown for both in Table S3.  
 Based on the Döll-Fielder run, 14.5% of the simulation domain has a mean water table at the 
land surface (WTD=0). These are model grid cells receiving persistent groundwater discharge 
(springs) that raise the water table above land surface, but reset at the land surface in the simulation 
at each iteration step (to simulate evaporation and river removal). They best represent groundwater-
fed aquatic ecosystems including rivers, lakes (excluding the large ones whited out in Figs. S12-
S16) and perennially inundated wetlands. However, it is difficult to separate out the area covered by 
wetlands from this category because individual grid cells (~1 km wide) may contain channels and 
lakes (deeper surface water) and riparian wetlands (shallow water, with emergent vegetation). 
Although finer model grids can more explicitly resolve the finer features, the conceptual difficulty 
of drawing a line between aquatic and wetland ecosystems remains, in both models and the real 
world, because definitions vary and the water levels in the rivers/lakes rise and fall and their areas 
expand and contract. So we interpret this 14.5% area as mostly aquatic environments. 
 The next WTD bin in Table S3 (0-0.25 m) best represents wetlands that are less frequently 
inundated but characterized by a persistent shallow water table and anoxic soil conditions that select 
a special class of vegetation. About 1.8% of global land area falls into this category. This, plus the 
unknown portion of the inundated wetlands in the first category, would add up to the total global 
wetlands, the estimate of which ranges from 4% to 12% as reported in the literature (224).   
 The next three WTD bins (0.25-3 m) roughly correspond to the rooting depths of upland 
vegetation (225). At this depth range, the water table can either supply plant roots directly or by 
upward capillary flux from the water table indirectly. However, patterns in plant rooting depths are 
complex and a single cut-off value is difficult to justify; although most plants have 50% of the root 
mass within the top 30 cm and 95% within the top 2 m soil (225), the maximum rooting depth can 
reach tens of meters in arid climates (226). Given this, we consider three possible rooting depths (1, 
2, and 3 m) in estimating global land area where groundwater is within the rooting depths. The three 
rooting depths give 5.3%, 10.9% and 15.9%, respectively, of the global land area.  
 Taken together, the aquatic, wetland and upland ecosystems that are potentially supported by 
shallow groundwater would amount to 22%, 27%, and 32% of the global land area corresponding to 
the threshold water table depths of 1, 2, and 3m. These three estimates also reveal the sensitivity of 
groundwater-affected area to the choice of the threshold.  
 
 
 
 
 
 
 
  



20 
 

 

 
 
 

Fig. S1. Water table decline in the US High Plains from groundwater pumping (35). 
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Fig. S2. Principle aquifers in Brazil (names in grey lettering) with groundwater depletion indicated 
by the ratio of withdraw over renewal (red numbers), and Amazonian cities (names in orange 
lettering) partially or entirely supplied by groundwater 
(http://www.ana.gov.br/pnrh_novo/documentos/01%20Disponibilidade%20e%20Demandas/VF%2
0DisponibilidadeDemanda.pdf). 
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Fig. S3.  (a) Schematic groundwater flow model to simulate the interplays of climate (recharge R), 
terrain (lateral convergence Q) and sea level (boundary condition) on water table depth over a 
continent. Over a hill-top grid cell, R feeds divergence; in a valley or coastal grid cell, convergence 
feeds rivers, lakes, and wetlands, (b) Details in calculating groundwater flow transmissivity, T, for 
Case-a, water table within the depth of known soil hydraulic conductivity (K), and Case-b, water 
table below the known depth from which K is assumed to decrease exponentially with depth. 
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Fig. S4. (a) Terrain slope at 30 arc-second grids, (b) 30yr mean January air temperature, (c) the e-
folding depth of exponential decrease in K with depth. 
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Figure S5.  Global mean annual recharge estimates in mm/yr: (a) by Döll and Fiedler (2008) forced 
by CRU global precipitation dataset, (b) by the same authors but forced with GPCP precipitation 
dataset, (c) by Wada et al. (2010), (d) by GLDAS-CLM model, (e) by GLDAS-MOSIAC model, 
and (f) by GLDAS-NOAH model (Rodell et al., 2004).  
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. S5.  Global mean annual recharge estimates in mm/yr: (a) by Döll-Fiedler forced by CRU 
global precipitation dataset, (b) by the same authors but forced with GPCP precipitation dataset, (c) 
by Wada-et-al, (d) by GLDAS-CLM model, (e) by GLDAS-MOSIAC model, and (f) by GLDAS-
NOAH model.  
 
  



25 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. S6. Visual comparison of observed (a) and modeled (b) WTD at model grid cells with observations over Western Europe. The model 
simulation is forced by Döll-Fiedler recharge. 
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Fig. S7. Residual statistics for the calibration forced by CLM recharge (left) and Döll-Fiedler recharge (right) over temperate N. 
America: (a) histogram of the residual with mean, standard deviation and skew, (b) residual vs. annual mean air temperature, (c) residual 
vs. annual mean precipitation, (d) residual vs. grid cell elevation, and (e) residual vs. terrain slope. Pearson correlation coefficient, r, is 
shown for (b) to (e). 
  

Appalachians 
Rockies 

 
Temperate N. America 
 
CLM Recharge 

 
Temperate N. America 
 
Döll-Fiedler Recharge 

(b) 

(a) 

(c) 

(d) 

(e) 

(b) 

(a) 

(c) 

(d) 

(e) 

Appalachians 

Rockies 



27 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. S8. Residual statistics for the calibration forced by CLM recharge (left) and Döll-Fiedler recharge (right) over boreal N. America: (a) 
histogram of the residual with mean, standard deviation and skew, (b) residual vs. annual mean air temperature, (c) residual vs. annual 
mean precipitation, (d) residual vs. grid cell elevation, and (e) residual vs. terrain slope. Pearson correlation coefficient, r, is shown for 
(b) to (e). 
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Fig. S9. Residual statistics for the calibration forced by CLM recharge (left) and Döll-Fiedler recharge (right) over S. America: (a) 
histogram of the residual with mean, standard deviation and skew, (b) residual vs. annual mean air temperature, (c) residual vs. annual 
mean precipitation, (d) residual vs. grid cell elevation, and (e) residual vs. terrain slope. Pearson correlation coefficient, r, is shown for 
(b) to (e). 
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Fig. S10. Residual statistics for the calibration forced by CLM recharge (left) and Döll-Fiedler recharge (right) over Europe and Africa: 
(a) histogram of the residual with mean, standard deviation and skew, (b) residual vs. annual mean air temperature, (c) residual vs. annual 
mean precipitation, (d) residual vs. grid cell elevation, and (e) residual vs. terrain slope. Pearson correlation coefficient, r, is shown for 
(b) to (e). 
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Fig. S11. Residual statistics for the calibration forced by CLM recharge (left) and Döll-Fiedler recharge (right) over Australia and Asia: 
(a) histogram of the residual with mean, standard deviation and skew, (b) residual vs. annual mean air temperature, (c) residual vs. annual 
mean precipitation, (d) residual vs. grid cell elevation, and (e) residual vs. terrain slope. Pearson correlation coefficient, r, is shown for 
(b) to (e). 
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Fig. S12. Simulated WTD in N. America. (a) Salt lakes/playas in the intermountain valleys (some with white salt crust observable from 
space). (b) Corresponding model WTD. The numbers mark the largest (top 85) Ramsar wetlands on this continent (Table S2). The stripes 
north of 60oN are from ASTER digital topography data. 
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Fig. S13. Simulated WTD in S. America, showing (a) the gallery forests along valleys carved into 
the Brazilian shields, (b) modeled WTD over the same region showing groundwater seeps at the 
base of the slopes. The numbers correspond to the top 85 largest Ramsar wetlands found on this 
continent (Table S2). 
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Fig. S14. Simulated WTD in Europe and Asia showing the Mesopotamian Marshes of Iraq and Iran on the Persian Gulf coast (a) and the 
corresponding WTD (b). The numbers indicate the world’s 85 largest Ramsar wetlands found on this continent (Table S2). The stripes 
north of 60oN are from ASTER digital topography data. 
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Figure S15. Simulated WTD in Africa, showing the oases in the lower Nile (a) and the flooding 
characterisics of the Sudd Swamps (b) (227), also described as the Great Marsh of the White Nile 
(228). The numbers indicate the world’s 85 largest Ramsar wetlands found on this continent (Table 
S2). 
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Figure S16. Simulated WTD in Australia and New Zealand, showing the four largest salt lakes in South Australia (a) and the 
corresponding WTD (b) where evaporation from the shallow water table accumulates salt forming white crusts observable from space. 
Salt crust also forms along the Gulf of Carpentaria (c) where the WT is near the land surface. The numbers mark the world’s 85 largest 
Ramsar wetlands found on this continent (Table S2). 
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Figure S17.  WTD defined wetlands vs. mapped natural (pre-settlement) wetlands for the lower 48 
states of US (bottom), and Alaska and Canada (top), forced by CLM3 recharge (left) and Döll-
Fiedler recharge (right).  
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Table S1. Summary of residual statistics over four continental regions forced by two recharge estimates. 
 

Residual 
Stats 

North America 
South America  Western Europe & 

Africa  Australia & Asia 
Global  

Temperate Region  Cold Region  Total  Shallow 
WTD  Deep WTD 

CLM  Döll‐
Fiedler  CLM  Döll‐

Fiedler  CLM  Döll‐
Fiedler  CLM  Döll‐

Fiedler  CLM  Döll‐
Fiedler  Doll‐Fiedler Recharge 

# cells with 
obs. 

449,728  449,728  205,905  205,905  24,556  24,556  39,492  39,492  51,126  51,126  770,303  314,152  456151 

Mean (m)  ‐0.04  ‐1.69  ‐3.11  0.10  ‐0.42  ‐2.67  1.48  0.57  ‐5.08  ‐8.92  ‐1.62  ‐5.47  1.03 

St. dev. (m)  17.35  19.22  13.68  12.33  22.32  23.98  9.64  10.21  20.85  24.56  17.91  14.22  19.62 

Skew  ‐0.88  ‐1.45  ‐1.81  ‐2.22  ‐0.52  ‐0.84  ‐1.12  ‐1.97  ‐1.17  ‐1.15  ‐1.86  ‐3.41  ‐1.68 

Corr. to 
temp  0.1893  0.1590  ‐0.1952  ‐0.1896  0.0788  0.1219  0.1617  0.1348  0.2779  0.2612  0.0098  ‐0.1114  0.0303 

Corr. to 
precip.  0.0743  0.1504  ‐0.0653  ‐0.0308  0.0967  0.1460  0.2022  ‐0.1328  ‐0.0570  0.0812  0.0940  0.0597  0.1150 

Corr. to 
elevation  ‐0.1629  ‐0.2299  ‐0.3534  ‐0.2325  ‐0.1676  ‐0.1989  0.1012  ‐0.0425  ‐0.2530  ‐0.2816  ‐0.1902  ‐0.2469  ‐0.2042 

Corr. to 
slope  ‐0.5182  ‐0.5094  ‐0.4736  ‐0.4741  ‐0.5331  ‐0.5352  ‐0.3097  ‐0.3962  ‐0.6058  ‐0.4904  ‐0.4869  ‐0.6154  ‐0.4799 
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Table S2. World’s 85 largest (>5,000 km2) Ramsar Wetlands of International Importance. Within 
each continent, they are ranked by the protected area extent. Where a wetland spans more than one 
country, the contributions are shaded and the total area obtained. 
 

   Wetland  Country  State 
Protected 
Area (km2)   Latitude  Longitude 

North America  

1  Queen Maud Gulf  Canada 
Northwest 
Territories             62,782   67.00  ‐102.00 

2  Polar Bear Provincial Park  Canada  Ontario             24,087   52.50  ‐84.50 

3 
Whooping Crane Summer 
Range  Canada 

Alberta, Northwest 
Territories             16,895   60.25  ‐113.25 

4 
Dewey Soper Migratory Bird 
Sanctuary  Canada 

Northwest 
Territories               8,159   66.17  ‐74.00 

5 
Área de Protección de Flora y 
Fauna de Términos  Mexico  Campeche               7,050   18.67  ‐91.75 

6  Sian Ka‟an  Mexico  Quintana Roo               6,522   19.50  ‐87.62 

7 
Reserva de la Biosfera 
Archipiélago de Revillagigedo  Mexico 

Mexican Island 
Territory               6,367   18.83  ‐112.78 

8  Old Crow Flats  Canada  Yukon Territory               6,170   67.57  ‐139.83 

9  Everglades National Park 
United 
States  Florida               6,105   25.55  ‐80.92 

10  Río Sabinas  Mexico 
Coahuila de 
Zaragoza               6,031   27.88  ‐101.15 

South America  

11 
Complejo de humedales del 
Abanico del río Pastaza  Peru  Loreto             38,273   ‐4.00  ‐75.42 

   Pantanal Matogrossense  Brazil  Mato Grosso               1,350   ‐17.65  ‐57.42 

   Pantanal Boliviano  Bolivia  Santa Cruz             31,899   ‐18.00  ‐58.50 
12                      33,249        

13  Reentrancias Maranhenses  Brazil  Maranhão             26,809   ‐1.68  ‐45.07 

14  Pacaya Samiria  Peru  Loreto             20,800   ‐5.25  ‐74.67 

15 

Baixada Maranhense 
Environmental Protection 
Area  Brazil  Maranhão             17,750   ‐3.00  ‐44.95 

16  Los Lípez  Bolivia  Potosí             14,277   ‐22.17  ‐67.40 

17 
Lagunas Altoandinas y 
Puneñas de Catamarca  Argentina  Catamarca             12,282   ‐26.87  ‐67.93 

18  Mamirauá  Brazil  Amazonas             11,240   ‐2.30  ‐66.03 

19 
Bañados del Río Dulce y 
Laguna de Mar Chiquita  Argentina  Córdoba               9,960   ‐30.38  ‐62.77 

20  Lagos Poopó y Uru Uru  Bolivia  Oruru               9,676   ‐18.77  ‐67.12 

21 
Lagunas de Guanacache, 
Desaguadero y del Bebedero  Argentina 

Mendoza, San Juan, 
San Luis               9,624   ‐33.00  ‐67.60 

22 
Palmar de las Islas y las 
Salinas de San José  Bolivia  Santa Cruz               8,568   ‐19.25  ‐61.00 

23 
Lago Titicaca (Sector 
Boliviano)  Bolivia  La Paz               8,000   ‐16.17  ‐68.87 
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24 
Bañados del Izozog y el río 
Parapetí  Bolivia  Santa Cruz               6,159   ‐18.45  ‐61.82 

25  Ilha do Bananal  Brazil  Tocantins               5,623   ‐10.52  ‐50.20 

26  Humedales Chaco  Argentina  Chaco               5,080   ‐27.33  ‐58.83 

Eurasia  

27 

Réserve Naturelle Nationale 
des Terres Australes 
Réserve Naturelle Nationale 
des Terres Australes 
Françaises  France 

Terres Australes et 
Antarctiques Fr.             22,700   ‐43.12  63.85 

28 
Brekhovsky Islands in Ynisei 
esturay  Russia 

Taimyrsky/Dolgano‐
Nenets             14,000   70.50  82.75 

29  Tobol‐Ishim Forest‐steppe  Russia  Tyumen Oblast             12,170   55.45  69.00 

30  Parapolsky Dol  Russia 
Korak Autonomous 
Area             12,000   61.62  165.78 

31 
Area between the Pura & 
Mokoritto rivers  Russia 

Taimyrsky/Dolgano‐
Nenets             11,250   72.53  85.50 

32 
Ili River Delta and South Lake 
Balkhash  Kazakhstan  Almaty Oblast               9,766   45.60  74.73 

33  Alakol‐Sasykkol Lakes System  Kazakhstan 
Almaty, East 
Kazakhstan Oblasts               9,147   46.27  81.53 

34  Volga Delta  Russia  Astrakhan Oblast               8,000   45.90  48.78 

35 
Dalai Lake National Nature 
Reserve, Inner Mongolia  China  Inner Mongolia               7,400   48.55  117.50 

36  Danube Delta  Romania  Tulcea County               6,470   45.17  29.25 

37 
Isyk‐Kul State Reserve with 
the Lake Isyk‐Kul  Kyrgyz                  6,236   42.45  77.27 

38  Sundarbans Reserved Forest  Bangladesh  Khulna               6,017   22.03  89.52 

39 
Tonda Wildlife Management 
Area 

Papua New 
Guinea  Western Province               5,900   ‐8.75  141.38 

40 
Lake Uvs and its surrounding 
wetlands  Mongolia  Uvs Province               5,850   50.33  92.75 

41 
Eqalummiut Nunaat and 
Nassuttuup Nunaa 

Denmark 
(Greenland)  Kangaatsiaq, Sisimiut               5,795   67.47  ‐50.82 

42  Runn of Kutch  Pakistan  Sindh               5,664   24.38  70.08 

43  Lower Dvuobje  Russia 
Khanty‐Mansi & 
Yamalo‐Nenets               5,400   64.53  65.77 

44  Aydar Arnasay Lakes System  Uzbekistan  Dzhizak, Navoi               5,271   40.78  67.77 

Africa  

45  Ngiri‐Tumba‐Maindombe 
Dem Rep 
Congo  Equateur, Bandundu             65,696   ‐1.50  17.50 

46  Grands affluents  Congo 
Plateaux, Cuvette, 
Sangha, Likouala             59,081   ‐0.25  16.70 

47  Sudd  Sudan  Southern Sudan             57,000   7.57  30.65 

48  Okavango Delta System  Botswana  Ngamiland             55,374   ‐19.28  22.90 

49 
Plaines d‟inondation des Bahr 
Aouk et Salamat  Chad  Salamat, Bahr Koh             49,220   10.75  20.55 

50  Delta Intérieur du Niger  Mali 
Mopti, Ségou, 
Tomboctou             41,195   15.20  ‐4.10 
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51 
Malagarasi‐Muyovozi 
Wetlands  Tanzania 

Kigoma, Shinyanga, 
& Tabora             32,500   ‐5.00  31.00 

52 

Plaines d‟inondation du 
Logone et les dépressions 
Toupouri  Chad 

Chari‐Baguirmi, 
Mayo‐Kebbi, Tandjilé             29,789   10.50  16.23 

  
Partie tchadienne du lac 
Tchad  Chad  Lac, Kenam             16,482   14.33  13.62 

  
Lake Chad Wetlands in 
Nigeria  Nigeria  Borno               6,074   13.07  13.80 

   Lac Tchad  Niger  Diffa               3,404   14.25  13.33 

  
Partie Camerounaise du Lac 
Tchad  Cameroon  Far North Region               1,250   12.77  14.32 

53                      27,210        

54  Plaine de Massenya  Chad  Baguirmi             25,260   11.25  16.25 

55  Gueltas et Oasis de l‟Aïr  Niger  Agadez             24,132   18.30  9.50 

56  Sangha‐Nouabalé‐Ndoki  Congo  Sangha, Likouala             15,250   1.68  16.43 

57 

Lake Niassa and its Coastal 
Zone (Lago Niassa 
e Zona Costeira)  Mozambique  Niassa Province             13,637   ‐12.50  34.85 

58  Banc d‟Arguin  Mauritania                12,000   20.83  16.75 

59  Suakin‐Gulf of Agig  Sudan  Red Sea State             11,250   18.57  38.08 

60  Bangweulu Swamps  Zambia  Northern Province             11,000   ‐11.42  29.98 

61  Dinder National Park (DNP)  Sudan  Sennar State             10,846   12.32  34.78 

62  Niger‐Niandan‐Milo  Guinea  Kankan             10,464   10.50  ‐9.50 

63  Niger‐Mafou  Guinea  Kankan, Faranah             10,155   9.88  ‐10.62 

64  Sankarani‐Fié  Guinea  Kankan             10,152   10.42  ‐8.50 

65  Zambezi Floodplains  Zambia  Western Province               9,000   ‐15.25  23.25 

66  Tinkisso  Guinea  Faranah, Kankan               8,960   11.22  ‐10.58 

67  Site Ramsar du Complexe W  Benin  Alibori               8,955   11.83  2.50 

68  Site Ramsar Bas Ogooué  Gabon 
Moyen Ogooué, 
Ogooué maritime               8,627   ‐0.65  10.02 

69  Chott Ech Chergui  Algeria  Saïda               8,555   34.45  0.83 

70  Parc national des Virunga 
Dem Rep 
Congo  Nord‐Kivu               8,000   ‐1.25  29.50 

71  Kilombero Valley Floodplain  Tanzania  Morogoro Region               7,967   ‐8.67  36.17 

72 
Le Lac Alaotra: les zones 
humides et bassins versants  Madagascar  Ambatondrazaka               7,225   ‐17.47  48.52 

73  Kafue Flats  Zambia 
Southern & Central 
Provinces               6,005   ‐15.68  27.27 

74 
Etosha Pan, Lake Oponono & 
Cuvelai drainage  Namibia                  6,000   ‐19.25  15.50 

75  The Waza Lagone Floodplain  Cameroon  Far North Region               6,000   11.63  14.62 

76 
Rufiji‐Mafia‐Kilwa Marine 
Ramsar Site  Tanzania  Coast, Lindi Regions               5,969   ‐8.13  39.63 
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77 
Zones Humides du Littoral du 
Togo  Togo  Maritime               5,910   6.57  1.42 

78  Chott El Jerid  Tunisia  Tozeur, Kebili               5,862   33.70  8.40 

79  Chott Melghir  Algeria 
El Oued, Biskra, 
Khenchela               5,515   34.25  6.32 

80 
Site Ramsar des Monts 
Birougou  Gabon 

Ngounié, Ogooué‐
lolo               5,368   ‐0.65  10.02 

81  Gambie‐Oundou‐Liti  Guinea  Labé               5,274   11.55  ‐12.30 

82  Bafing‐Falémé  Guinea  Labé               5,173   12.00  ‐11.50 

83  Conkouati‐Douli  Congo  Kouilou               5,050   ‐3.92  11.45 

Australia  

84  Coongie Lakes     South Australia             19,800   ‐27.45  140.00 

85  Kakadu National Park     Northern Territory             19,798   ‐13.02  132.43 
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Table S3. Simulated global WTD distribution using CLM and Döll-Fiedler recharge. 

 

   % Global Land Area 

WTD Bins (m)  Simulation: CLM Recharge  Simulation: Doll‐Fielder Recharge 

0  15.7  14.5 
0‐0.25  2.2  1.8 
0.25‐1  6.3  5.3 
1‐2  6.9  5.6 
2‐3  5.1  5.0 
3‐5  7.2  7.2 
5‐10  11.8  11.7 
10‐20  14.1  13.9 
20‐40  14.4  14.7 
40‐100  12.7  15.0 
>100  3.6  5.3 
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Database S1. Water table observations from wells 
 
There are 7 zipped text files organized by continents, with North America separated into 2 files, 
Canada and US because of the large amount of data.  
 
Africal_obs_wtd.txt.gz (4KB) 
Asia_obs_wtd.txt.gz (10KB) 
Australia_obs_wtd.txt.gz (674KB) 
Canada_obs_wtd.txt.gz (8MB) 
Europe_obs_wtd.txt.gz (840KB) 
S_America_obs_wtd.txt.gz (321KB) 
US_obs_wtd.txt.gz (7MB) 
 
Each text file has 4 columns:  latitude, longitude, land elevation (m above sea-level), and water 
table depth (m below land surface) 
 
 
Database S2. Model simulated equilibrium water table depth (m below land surface)  
 
There are a 5 zipped NetCDF files for the 5 continents (Asia and Europe combined as Eurasia). 
 
Africa_model_wtd.nc.gz (125MB) 
Australia_model_wtd.nc.gz (37MB) 
Eurasia_model_wtd.nc.gz (319MB) 
N_America_model_wtd.nc.gz (141MB) 
S_America_model_wtd.nc.gz (69MB) 
 
 
Database S3. Fortran90 code of the groundwater flow model as a text file 
 
ewtProgram.f90 (26KB) 
 
 
 
Data Access 
 
All data can be downloaded through GLOWASIS, the European Union collaborative project of 
Global Water Scarcity Information Service, at 
https://glowasis.deltares.nl/thredds/catalog/opendap/opendap/Equilibrium_Water_Table/catalog.htm
l. 
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