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Global Patterns of Groundwater

Table Depth

Y. Fan,™* H. Li,* G. Miguez-Macho®

Shallow groundwater affects terrestrial ecosystems by sustaining river base-flow and root-zone
soil water in the absence of rain, but little is known about the global patterns of water table depth
and where it provides vital support for land ecosystems. We present global observations of water
table depth compiled from government archives and literature, and fill in data gaps and infer
patterns and processes using a groundwater model forced by modern climate, terrain, and sea
level. Patterns in water table depth explain patterns in wetlands at the global scale and vegetation
gradients at regional and local scales. Overall, shallow groundwater influences 22 to 32% of
global land area, including ~15% as groundwater-fed surface water features and 7 to 17% with
the water table or its capillary fringe within plant rooting depths.

face between the oxygenated soils and
the water-saturated aquifers below. Where
shallow, it can influence land surface in multiple
ways. For instance, shallow groundwater pro-
vides base-flow to rivers and lakes maintaining
aquatic ecosystems in dry periods (/, 2). Shallow
groundwater tables impede drainage and create
water-logged soil conditions defining wetland hab-
itats (2, 3). A shallow water table supplies root-
zone soil water and photosynthetic production in
droughts through capillary rise (4—7). To under-
stand the influence of groundwater on terrestrial
ecosystems, a regional and global assessment of
water table depth (WTD) is required. However,
WTD monitoring and reporting are highly var-
iable across the globe and often limited to devel-
oped regions, and despite the many large-scale
syntheses of groundwater conditions (8§—/3), there
remains the lack of a global water table map.
We present global observations of WTD at
1,603,781 well sites compiled from government
archives and published literature (/4) (Fig. 1).
Where government data are absent, we searched
the literature for published data, which is the main

The groundwater table is an undulating sur-

Department of Earth and Planetary Sciences, Rutgers Univer-
sity, New Brunswick, NJ 08854, USA. “Nonlinear Physics Group,
Faculty of Physics, Universidade de Santiago de Compostela,
Galicia, Spain.

*To whom correspondence should be addressed. E-mail:
yingfan@rci.rutgers.edu

source for Africa and Asia, where large data gaps
still remain. The mean is shown where time series
are available, but >90% of the sites have only one
reading (at different times). The observed WTD
varied from land surface to >200 m, but the dis-
tribution peaks at 2 to 7 m (Fig. 2). The 2- to
7-m peak reflects sampling bias; observations
are made for resource monitoring where humans
settle (excluding large swamps and deserts) and
where the water table is lowered by pumping or
drainage (figs. S1 and S2).

At first glance, there is a lack of coherent pat-
terns; shallow WTD is found in both humid
and arid climates and at both low and high ele-
vations. However, some global trends do emerge.
First, it is common for WTD to be <5 m. Sec-
ond, the shallowest WTD (<0.25 m) is more
common in humid climates (e.g., eastern and
northern North America), pointing to some level
of climate control. Third, shallow WTD is also
found in arid valleys (e.g., the southwest United
States), suggesting terrain-driven moisture con-
vergence that overrides climate divisions. However,
the large spatial gaps and temporal inconsistency
prohibit further insights and invite a mechanistic
model to elucidate the interplays among the mul-
tiple drivers at various scales.

To fill in observation gaps and infer patterns
and process controls, we used a previously de-
veloped groundwater model forced by present-
day climate, terrain, and sea level (3) (fig. S3).
The model simulates vertically integrated later-

al groundwater movement among grid cells at
30 arc-second (~1 km) grid spacing to resolve
multiscale convergence within computational
limits (/4). We assume that, first, the perme-
ability of continental crust drops exponentially
with depth and the rate depends on land slope
(14), so that flat valleys accumulate thick sedi-
ments (fig. S4C). Second, at any location, there
is only one water table (neglecting local, perched
aquifers). Third, groundwater pumping, irrigation,
and drainage are not represented by the global
land models providing recharge here. Thus, the
model neglects local complexity and human in-
fluence and only captures the broad-scale and
natural patterns that are our primary focus.

The model water table (Fig. 3) seems deeper
than observations in arid regions because the
observations favor valleys and oases (shallow
WTD) where humans live, as seen when plot-
ting only grid cells with observations (fig. S6).
We evaluated the model by examining the resid-
ual (model-observation difference) over differ-
ent continental regions (figs. S7 to S11), which
suggests that the minimally simple model offers
a realistic, albeit broad-scaled, sketch of global
water table condition that can shed light on spa-
tial patterns and processes.

The WTD distribution (Fig. 2) differs sub-
stantially between observations and the model
results. The model suggests a much higher frac-
tion of WTD <I m because it includes surface
water features (rivers, lakes, and inundated wet-
lands) fed by groundwater discharge (WTD < 0)
that are not sampled by wells, and few observa-
tions are in the vast boreal and interior swamps.
At the deeper end, the model suggests a higher
fraction of WTD > 30 m because few observa-
tions are in large deserts. The higher occurrence
of observations in the 2- to 30-m range reflects
observational bias.

The model offers a globally continuous but
simpler (climate equilibrium, neglecting local ge-
ology) view of WTD at its natural states (with-
out pumping or drainage). At the global scale,
sea level is the dominant driver; WTD is shal-
low along the margins of all continents in all
climates, but the ribbon of shallow WTD is wider
where flat coastal plains meet the sea. This rib-
bon correlates well with the coastal wetlands of
the world, some extending far inland across flat
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coastal plains and up lowland valleys. Sea-level  continental shelves following sea-level change of deep WTD correspond to regions of low re-
forcing on land hydrology is well known (al-  through past glacial-interglacial shifts (3, 15). charge; the great deserts of the world stand out.
though not implemented in large-scale models); At the regional scale, climate emerges as the  So do the tropical swamps with high recharge
coastal wetlands have migrated up and down the  primary driver. In mid- and low latitudes, regions ~ (Amazon and Orinoco). In the boreal region,
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Fig. 1. Observed water table depth (m) compiled from government archives and literature (1,603,781 sites). Temporal mean is shown where time
series are available.
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climate control takes the form of frozen ground,
where the thin thawed layer limits drainage. The
large patches of shallow water table here coin-
cide with Pan-Arctic peatlands of the world. The
thin active layer is compounded by flat, low ter-
rain, pointing to regional topographic gradient
as another driver. Topographic control is also
evident in warmer climates of central Amazonia
and along the large swath of flat lowlands in South
America from the Pantanal through the Chaco to
the Pampas; large inland freshwater wetlands
characterize the landscape here.

At more local scales, terrain signals dominate.
Lateral convergence from high to low grounds
creates a texture in WTD that overrides climate
boundaries. Larger examples are arid basins
where groundwater convergence from surround-
ing mountains maintains valley ecosystems (oases)
otherwise absent (figs. S12B, S14B, and S15B).
Smaller examples are river valleys etched into
plateaus in semiarid climate or in humid cli-
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0.12 —
0.10
0.08 —
0.06 —
0.04 —
0.02 —
0.00 —

Area Fraction

mate with pronounced dry seasons, creating a
marked gradient in water availability from val-
leys to ridge tops (fig. S13B). The low recharge
is concentrated into a small fraction of the land-
scape by topography, forming discharge zones
that harbor closed lakes, oases, gallery forests,
and riparian wetlands, many designated as Ramsar
sites of international ecological importance (table
S2 and figs. S12 to S16). It is known that valleys
are wetter spots and that topography is a power-
ful predictor of hydrologic states.

Where solar energy is not limiting, global
distributions of vegetation are strongly aligned
with moisture gradients indicated by annual or
seasonal rainfall (16, 7). However, rainfall alone
cannot explain desert oases, the latter fed by ground-
water due to topography-driven lateral flow that
redistributes the moisture surplus or deficit across
the landscape (3, 18), giving patterns to WTD
that defy rainfall (shallow in deserts and wide-
ranging under same climate). We highlight the

Global Water Table Depth Distribution

O Model Simulation
= Gridded Observation

| | |
0 10 20 30

| | | I 1
40 50 60 70 80

Water Table Depth (m)

Fig. 2. Global distribution of simulated (gray) and observed (bold black) water table depth (obser-

vations first gridded into 30 arc second cells).

utility of WTD as an additional (to rainfall) mois-
ture regulator and ecological filter with two ex-
amples, the geographic distribution of wetlands
at the global scale and species differentiation
and adaptation at the landscape scale.

Wetlands are habitats of vegetation adapted
to water-logged soils. Small seasonal wetlands
can result from local rainfall, but extensive and
prolonged water-logging must be caused by
shallow water tables. This is the reason that the
water table map resembles the wetland map (3)
and that the areal extents of shallow water tables
and wetlands are highly correlated (fig. S17).
Within a given climate regime and history, spe-
cies differentiation aligns with local environmen-
tal gradients (/7). A well-articulated gradient is
the topography from valley to ridge (79, 20) span-
ning decameters to kilometers. Because valleys
are enduring features of the landscape, and be-
cause hill-to-valley groundwater convergence is
slow and steady, the shallow water table in the
valley offers a stable moisture source from below,
creating predictable moisture gradients, particu-
larly in dry regions or seasons. A large body of
evidence suggests that WTD is a powerful niche
differentiator that sorts vegetation and microbial
species into anoxia-tolerant at shallow to drought-
tolerant at deep water table (5—7, 79-29), and for
a given species, WTD regulates biomass produc-
tion and drives physiological adaptation such as
rooting characteristics (6, 30-34).

The model gives a first-order estimate of global
land area likely affected by shallow groundwater
(14); ~15% is covered by lakes (excluding the
large lakes in Fig. 3), rivers, and inundated wet-
lands fed by persistent groundwater discharge
(water table rising above land surface, WTD < 0),
~2% by less frequently inundated wetlands
(0 <WTD < 0.25 m), and 5 to 15% with WTD
or its capillary fringe within the rooting depth of
upland plants (/4), adding to 22 to 32% of global
land area. These results suggest a widespread and
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Fig. 3. Simulated water table depth (m) at 30 arc-sec grid (~1 km) constrained by observations in Fig. 1.
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structured influence of groundwater on land hy-
drology and ecosystems and highlight the need
for larger efforts to improve observing and mod-
eling large-scale groundwater processes in the
context of earth system dynamics.
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Direct Observations of Atmospheric

Aerosol Nucleation
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Atmospheric nucleation is the dominant source of aerosol particles in the global atmosphere
and an important player in aerosol climatic effects. The key steps of this process occur in the
sub—2-nanometer (nm) size range, in which direct size-segregated observations have not been
possible until very recently. Here, we present detailed observations of atmospheric nanoparticles
and clusters down to 1-nm mobility diameter. We identified three separate size regimes below
2-nm diameter that build up a physically, chemically, and dynamically consistent framework

on atmospheric nucleation—more specifically, aerosol formation via neutral pathways. Our
findings emphasize the important role of organic compounds in atmospheric aerosol formation,
subsequent aerosol growth, radiative forcing and associated feedbacks between biogenic

emissions, clouds, and climate.

tmospheric aerosol formation [that is,

the formation of molecular clusters and

their growth to larger sizes (/, 2)] has an
important effect on aerosol particle number con-
centrations (3, 4) and on climate through indirect
radiative effects (5, 6). To understand the initial
steps of atmospheric aerosol formation, one must
have detailed knowledge of the concentrations of
neutral and charged clusters, their chemical compo-
sition, and gaseous compounds participating in
their formation and growth. However, size-segregated
measurements of sub—2-nm clusters are extreme-

ly rare, and until now, no one has taken com-
prehensive and simultaneous field measurements
of charged and neutral clusters and their precur-
sors (supplementary materials, section 3).
Recent technical developments make it pos-
sible to measure the concentrations and size
distributions of ions, molecular clusters, and
nanoparticles in the 1- to 2-nm mobility diam-
eter range and to simultaneously obtain infor-
mation about the chemical composition of these
entities and their interactions with trace gases.
Here, we present a comprehensive analysis of such

measurements, conducted between 14 March
and 16 May 2011, at the SMEAR II station (7)
in Hyytidld, southern Finland. We measured the
total nanoparticle and ion concentrations, along
with the concentrations of gaseous compounds,
including sulfuric acid, volatile organic com-
pounds, ammonia, amines, ozone, sulfur diox-
ide, and nitrogen oxides. The instruments we
used to take our measurements are described in
greater detail in the supplementary materials
(sections 1.3.1 to 1.3.7).

We categorized each day of the measurement
campaign as a “nucleation event day,” a “non-
event day,” or an “undefined day” (table S7) (8).
We determined the concentrations of nanopar-
ticles and ions separately for six size classes be-
tween 0.9 and 2.1 nm (supplementary materials,
section 1.2). For each size class, we calculated the
concentration of nanoparticles originating from
neutral formation pathways, V,, from the relation
Niot = Nions T Nree T Ny, Where Ny is the total
measured nanoparticle concentration in that size
class, Ny is the corresponding ion concentration,
and N, is the estimated concentration of neutral
particles originating from the recombination of
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