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Abstract

In the vegetation root zone, infiltration (Inf) parts in two directions with distinct Earth-system functions. One goes up as
evapotranspiration (E+Tr), returning Inf to the atmosphere (short-circuiting) and affecting short-term weather/climate and the
carbon cycle. The other goes down as deep drainage (DD), flushing the regolith, mobilizing nutrients/contaminates and dissolved
minerals into aquifers and rivers, eventually reaching the ocean (long-circuiting) thus regulating global biogeochemical cycles and
long-term climate. We ask, what is the modern-day global structure in short- vs. long-circuiting? What forces and feedbacks create
such structures? Synthesizing site-studies aided by global modeling, we found that: (i) long-circuiting prevails in evenly wet climates,
in well-drained landscapes with a deep vadose zone, in substrates with deep conduits, and with plant biomass below natural
equilibrium; (ii) soil B-horizons, via geochemical and vegetation feedbacks, enhance short-circuiting, while deep rock fractures enable
long-circuiting even in dry climates; (iii) in dry climate/season and in uplands, plant roots follow Inf into deep vadose zone to tap wet-
season Inf; (iv) plant water-use reinforces shallow Inf, reducing DD and regolith flushing in dry and season-dry climates; (v) where
short-circuiting prevails, a dry soil zone separates modern surface processes from fossil groundwater; and (vi) the E + Tr supply depth,
regolith flushing rate, and groundwater residence time vary greatly across the land, arising from multiscale drivers/feedbacks among
climate, drainage, substrate, and biomass. These findings link site-based process discoveries to Earth-system level structures and
functions of water belowground, shedding light on where/when/how the infiltrated rain influences the atmosphere above or the
ocean downstream.

Significance Statement

How deep does the rain regularly infiltrate into the ground? Do plant roots follow? How much infiltration is pumped back to the at-
mosphere and how much passes below plant roots reaching the water table, flushing the regolith, recharging aquifers and rivers, and
eventually reaching the ocean? What is the depth that supplies evapotranspiration, and what is the regolith flush rate? What are the
implications to global material and energy cycles? The answers depend on local climate-terrain-vegetation combinations. We shed
mechanistic light on multiscale causes-feedbacks among climate, drainage, substrate, and plant biomass that interactively create a
global structure in the depths and rates of hydrologic plumbing of the Earth’s critical zone, informing global models on critical depths
and processes to include in Earth-system predictions.

Introduction
Figure 1A schematically illustrates the hydrologic pathways after

situ, it is “short-circuited” (in dashed red circle). If Inf reaches
the local WT and the streams, it follows the “long circuit” (in solid
red circle) with longer flow paths and residence times on land.
We contrast short- vs. long-circuiting because they perform
distinct functions in the Earth’s critical zone, the biogeochemi-
cally activated upper continental crust (1-4). Where short-
circuiting prevails, Inf regulates land-to-atmosphere mass/energy
fluxes, affecting short-term weather/climate and land ecosystem

precipitation (P) falls on a hillside. We focus on the fluxes in the
vadose zone (filled arrows), the unsaturated soil-saprolite-rock
column from the land surface to the water table (WT). Here the in-
filtration (Inf) from P parts in two directions, one as soil evapor-
ation (soil E) plus root-uptake for plant transpiration (plant Tr)

returning Inf to the atmosphere as E+Tr, and the other as deep
drainage (DD) reaching WT (perched or anchored) and hence
streams via shallow or deep paths, eventually terminating in
coastal oceans or inland seas. If Inf returns to the atmosphere in

productivity; but only shallow depths are wetted, habitable, and
reactive; the respired soil CO, diffuses back to the atmosphere;
weathering products stay on land; and the groundwater receives
little recharge and is hence disconnected from modern surface
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Fig. 1. A) Schematic of the fate of P fallen on a hillside: canopy interception and loss to evaporation (Int loss), P reaching land surface (Piang), and its
partition to surface runoff (Qsurface) and Inf into the subsurface. Qsurrace can occur as both infiltration- and saturation-excess runoff (near the valley). We
focus on the fate of Infin the vadose zone (filled arrows). Inf branches into four paths: soil water evaporation (soil E), root-uptake for Plant Tr, shallow flow
in perched saturated zone during P or melt events entering local streams (Qperchea, interflow, stormflow), and DD that “escapes” root-uptake and reaches
the permanent WT, from which it discharges into local (Qioca1) Or down-gradient streams (Qdown-gradient, Underflow) through deeper flow paths. Fluxes
within the red dashed circle are referred to as “short-circuiting”, and those in the red solid circle as “long-circuiting”. B) (Top) A common feature in

P amount-frequency distribution with more frequent small events, particularly in drier climates; (Bottom) the skewed P distribution leads to a skewed

wetting depth distribution with more frequent shallow wetting, which is

exacerbated by E + Tr consuming earlier Inf, preventing the cumulative

deepening of the wetting front; the frequent shallow wetting leads to frequent shallow root water-uptake, and in water-stressed systems rooting depths
follow Inf-depths; a dry soil zone may exist where all Inf is consumed by E + Tr, separating modern-day surface processes from the deep fossil
groundwater. C) Schematic of a soil-saprolite-rock column with well-developed soil horizons, where “translocation” leaches the OA-E horizons and
deposits the leached material in the B-horizon, resulting in lower permeability in the latter, impeding Inf, enhancing water holding capacity of shallow
soils for E+ Tr and reducing DD. D) Hypothesized vegetation impact on DD, as (Int + Tr)/P ratio along biomass gradient, in a hump-shaped curve with the
greatest vegetation impact in semiarid and season-arid biomes where vegetation consumes the largest proportion of P.

processes. Where long-circuiting prevails, the entire regolith col-
umn is regularly wetted, habitable, and reactive; the respired
soil CO, acidifies DD enhancing chemical weathering and creating
porosity (5); and solutes are flushed into streams (6) and the
ocean, completing the land phase of global biogeochemical cyc-
ling; the groundwater is recharged feeding steady streamflow,
but nutrients are leached and contaminants mobilized into aqui-
fers and aquatic habitats. Such distinct functions of short- vs.
long-circuiting prompt some basic questions: Across the land
today, where does long-circuiting prevail and where is short-
circuiting the norm? What forces and feedbacks create such
patterns? What are the implications for global material cycling
and change?

The answers hinge on Inf-depth and its frequency and amount
passing below the plant root zone to “escape” uptake and continue
downward. Intuitively, anywhere on land, Inf-depth depends on
P-supply minus E+Tr demand (the climate driver) yielding sur-
plus for DD; it depends on substrate properties (terrain driver) af-
fecting Inf rate/depth; it depends on the plant biomass and
rooting-depth (vegetation driver) setting Tr demand and uptake
depth. We thus explore climate, terrain, and vegetation as pri-
mary but interactive drivers. We test six hypotheses from global
to plot scales. Some are obvious such as wetter climates allow
deeper Inf, but they are included to systematically explore pat-
terns arising from multiple drivers at multiple scales that create
a global tapestry not explained by a single driver alone.

H1—Climate: At global-regional scales, Inf-depth broadly re-
flects the climate for many reasons. (i) In wetter climates, Inf

exceeds E + Tr demand leaving surplus to percolate deeper, while
in arid climates, the low annual P and high frequency of small, iso-
lated pulses (Fig. 1B, top) wet only shallow depths, and E + Tr dur-
ing the long dry spells consume earlier Inf preventing the
cumulative advance of wetting fronts. (ii) Climate strongly con-
trols plant biomass hence Tr demand. Lastly but importantly,
(iii) climate controls the sensitivity of Inf and DD to local drivers
as detailed in H2-H6 below, whereby the mechanisms and im-
pacts of drainage, substrate, and vegetation response/feedback
all depend on climate.

H2—Drainage: At regional-landscape scales, Inf-depth differs
between well-drained uplands with a deep vadose zone and
poorly drained lowlands with a shallow WT. The mechanisms de-
pend on the climate and the season. (i) In humid climate/season
with potentially deep Inf, it is deeper in uplands with a deeper va-
dose zone, and shallower in lowlands with a shallow WT that trun-
cates Inf. (ii) In dry climates/seasons, runoff into lowlands adds to
local P, potentially deepening Inf, but higher valley biomass (e.g.
riparian forests) and E + Tr consume the added input preventing
deeper Inf. Furthermore, a shallow valley WT can be tapped by E
+Tr, yielding net upward flux (-DD) sustained by +DD in uplands
(7, 8) or wetter times (7). Such returns of upland/past DD to the at-
mosphere, after having escaped E + Tr before, form patches of “~”
DD in arid basins, flushing solutes upward and depositing inland
evaporites.

H3—Substrate: At landscape-plot scales, the structure of the
soil-saprolite-rock column exerts primary controls on Inf and
DD. A coarse-textured surface allows easy Inf entry but the
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terminal Inf-depth depends on the deeper barriers/conduits. For
example, a soil B-horizon (Fig. 1C), formed by Inf terminating
and depositing/reprecipitating leachates from above, can impede
DD; and by holding up Inf to be used by E + Tr long after rain (9, 10),
it further reduces DD. For another example, upland shallow bed-
rock can impede deep Inf causing perched stormflow (11, 12)
(Qperchea, Fig. 1A). However, shallow bedrock is commonly frac-
tured under topographic (13) or tectonic (14) stress, and feedbacks
with infiltrating water at longer timescales, particularly in carbo-
nates (15), can create efficient conduits channeling fast/deep Inf
(16-18) toreach WT and enter streams via groundwater flow paths
(Quocal, Qaown-gradient, Fig. 1A). Such preferential flow, via fractures
or macropores, is a key mechanism for deep Inf, making it possible
even in arid climates (15, 19, 20). Deep Inf can also be achieved in
deeply weathered upland tropical and temperate soils with a thick
vadose zone (21). However, in all scenarios of deep Inf, deep-rooted
plants can “pull it back” in dry times (18, 21) (see H4), so that deep-
er Inf does not necessarily lead to higher DD.

H4—Vegetation response: Where water is limiting, plant root-
ing depths follow Inf-depths (22, 23) (Fig. 1B, bottom), pulling
back deep moisture in dry times that is filled in wetter times
(18, 24). In ecosystems relying on recycled nutrients from standing
biomass, wetting depths set microbial life hence nutrient-release
depths (25) and nutrient-leaching depths, thus indirectly shaping
the root profile (26). However, rooting-depth decouples from
Inf-depth in the following situations: (i) In per-humid climates
where water is not limiting, (ii) in lowlands where a shallow WT re-
stricts roots to the aerated soils above it, (iii) in arid valleys where
the local Infis superficial, but a deeper WT, fed by regional flow, is
accessible to roots, pulling the roots deeper than Inf-depths (27),
and (iv) where the introduced vegetation demands more (28) or
less (29) water than the local climate and soil storage can provide.
But under arid-semiarid and season-arid climates, on uplands
free of WT influence, root-uptake depths adapt to Inf-depths, al-
lowing plants to maximize Inf use under water stress, often con-
suming it all in dry biomes.

H5—Vegetation feedback: By uptaking water between
Inf-events, vegetation “resets” the soil profile to dry “initial condi-
tions” for later Inf pulses, which must fill the shallow deficits and
“prime” soil hydraulic conductivity before advancing deeper.
Hence, plant water-use reinforces and perpetuates shallow Inf
(feedback). The feedback strength depends on plant biomass af-
fecting canopy interception (Intloss) and Tr (Fig. 1A). The plantim-
pact on the effective P available for DD, or the (Int+Tr)/P ratio
(Fig. 1D), should be low in arid biomes with negligible biomass, in-
crease in semiarid, and peak in season-arid biomes with an in-
creasing biomass consuming larger portions of P, and decline in
humid biomes where P exceeds E + Tr demand yielding increasing
surplus for DD. Thus the vegetation impact on DD is nonlinear and
takes a hump-shape (30) (Fig. 1D). Vegetation can indeed enhance
Inf by allowing runon to infiltrate (31, 32) and by canopy-stem-
root funneling (33), aided by biogenic macropores (34, 35). But
the Inf-gain must come after Int-loss, and evidence suggests
that, in dry ecosystems, vegetation-induced deeper Inf is con-
sumed by the vegetation itself (36), with the end result of reduced
DD (37).

Hé6—Dry soil zone: Where short-circuiting prevails today, a dry
soil zone (Fig. 1B) forms between root-uptake depth and WT capil-
lary rise. This dry zone is substantial in arid uplands where the
superficial Inf is entirely consumed by E + Tr. It thins downslope
due to a thinner vadose zone over a shallower WT. It is absent
where rock fractures provide efficient vertical conduits. It thick-
ens under the introduced higher biomass (28, 38, 39) that taps

progressively deeper reserves filled in the past. Finally, it is highly
sensitive to biomass in semiarid and season-arid climates. This
dry zone severs the hydraulic and biogeochemical connection be-
tween modern surface processes and the deep fossil groundwater,
and it indicates areas on Earth where the land only exchanges
mass and energy with the atmosphere above but contributes little
toward freshwater and geochemical export to the oceans
downstream.

Materials and methods

We test these hypotheses following two complementary ap-
proaches: (i) synthesis of site observations to gain mechanistic in-
sights and (ii) global hydrologic model simulation to explore
large-scale structures.

Synthesis of site-based observations

We reviewed published site-studies to understand site-specific
complexities in a global context, searching for common climate—
terrain-vegetation threads. These site-studies pertain to a wide
range of timescales using a variety of methods (Table S1), includ-
ing one-time trenching/coring/penetrometers after P events,
event-seasonal DD flux with lysimeters, subdaily soil water mon-
itoring at multiple depths over full or multiple seasons, shallow
upland WT response to P events/seasons, cave ceiling drip, time-
lapse section- and borehole- geophysics, and various chemical
tracers (dye, O/H isotopes, ~Cl, *H). Generally, Inf inferred from
events is shallower than from seasons, which is shallower than
from tracers, the latter reflecting long-term cumulative Inf, par-
ticularly in arid climates. Many studies did not reach the terminal
Inf-depth, so the compiled values are biased shallow.

We focus on seasonal dynamics, recording seasonal maximum
Inf-depth, DD frequency and amount over annual climate and
plant-growth cycles, to avoid ambiguity in tracking events yet re-
solve a fundamental rhythm in Earth’s energy/material cycling.
Seasonal maximum Inf-depth is recorded as the deepest depth
of moisture increases in a year averaged over multiple years if
available. Seasonal DD frequency is the number of months per
year when Inf reaches below reported rooting depths, divided by
12 months, and DD amount is the annual downward flux (mm/
year) below the root zone (see Section S1). Results are shown in
Fig. 2 at 509 plots from 194 studies. Our review is not exhaustive
but intended to sample a wide range of climate-terrain-vegeta-
tion conditions.

Global hydrologic modeling

We use a global hydrology and root-uptake model (7, 27) called
ASAP (as simple as possible) to (i) track Inf, E, Tr, and DD flux sep-
arately which is difficult by observations and (ii) explore global
patterns across climate-terrain-vegetation settings not fully
sampled by site-studies. Details of the model are given in
Section S2. Briefly, it is built on global 30” (~1 km) grids to resolve
upland-to-lowland drainage within storage-computation limits,
computed hourly for 15 years (2003-2018) to capture event, sea-
sonal, and interannual dynamics. ASAP has two main modules
(Fig. S1): (i) the hydrology module solving Richards’ equation in
the vadose zone, Darcy’s law for 2D groundwater flow and two-
way groundwater-river/floodplain exchange, forced by climate
reanalysis, soil and topography from global datasets (Table S3).
A grid column has 40 resolved layers in the top 1km depth
(Table S2), but porosity and permeability continue below 1km.
These material properties are parameterized to decrease
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A Site-observations of seasonal Infiltration Depth (m)
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Fig. 2. The 509 sites of 194 studies from the published literature reporting Inf-depth, DD frequency, and amount using a variety of field methods
(Table S1): A) seasonal maximum Inf-depth (m) over an annual cycle; B) seasonal DD frequency, calculated as the number of months per year when Inf
reached below plant rooting-depth, divided by 12; and C) annual amount of DD recharge (mm/year); all three variables are averaged over multiple years
where available. Many studies investigated multiple sites within a small area and they appear on top of one another, with the values seen reflecting the
order of plotting. Please consult the data table to see the high local variability in each of these variables.

exponentially with depth from the values in the top 1 m based on (e-folding depth) depend on land slope (40), yielding shallow rego-
global datasets. However, to reflect the large difference in regolith lith on steep slopes but deep sediment in flat basins (Fig. S2). It is
thickness across the world, we let the exponential decrease rate also shallow in cold regions to mimic the frost barrier (41).
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This module gives hourly Inf, DD, WT-depth, groundwater dis-
charge to streams or stream leakage to riverbed/floodplain sedi-
ments in each grid-cell, and groundwater and streamflow
among grid-cells. The dynamic soil water profiles, wetted from
the top by Inf and below by WT, set the stage for plant root-uptake.
(ii) The plant root-uptake module, calculating Tr by Penman-
Monteith equation driven by satellite biomass (leaf area index,
LAI) and reanalysis air vapor pressure deficit, giving plant water
use that must be met by root-uptake. This model-inverted plant
water use (7) is then allocated among soil layers following
Ohm’s law so that uptake favors wetter and shallower soils
(Fig. S3).

Modeled monthly fluxes are compared with E + Tr at 103 flux-
tower sites (42) (Figs. S4 and S5, Table S4) and stream flow at 34
gauges (Fig. S6). Without calibration to match flux-tower and
river-gage observations, ASAP captures the seasonal water bal-
ance at flux-tower (~2km footprint) and river-basin (~200 to
>4 million km?) scales. Discrepancies are largely caused by ne-
glecting human activities such as irrigation affecting soil E and
crop Tr, groundwater pumping, river diversion, and dams affect-
ing streamflow. Being simple, the model neglects soil B-horizons
and rock fractures, thus we will not use it to test H3 on substrates.
Figure 3 shows the modeled seasonal Inf-depth, DD frequency,
and amount (Section S2.8).

Results

We test the six hypotheses using the 509 site observations first fol-
lowed by global model results, with supplementary results given
in Section S3.

Regional climate (H1)

We test H1 that globally, a wetter climate leads to deeper Inf des-
pite diverse site conditions. Figure 4A plots seasonal Inf-depth vs.
mean annual P, separating winter-wet, summer-wet, and even-
wet/dry sites. Inf generally deepens with higher P (statistics in
Table S5), but at winter-wet sites, Inf is deeper under the same P
and deepens faster with increasing P, as any additional P is more
likely to pass below the winter E + Tr depth. Figure S7 plots DD fre-
quency and amount vs. P, showing that the deeper Inf at winter-
wet sites did not result in a higher DD, likely because deep-rooted
vegetation “pulled back” the winter-Inf in the dry summer. The
highest DD is achieved in the more equitable climates (green).
Model results (Fig. 3) suggest a climate signal strongly modu-
lated by drainage. For example, the shallowest Inf (Fig. 3A) is found
in the large deserts of the world due to aridity, but also in the
Amazon floodplain and arctic permafrost due to the shallow
WT. The deepest Inf occurred in mountains, partly due to higher
orographic P and focused snowmelt seasons, and partly due to
an efficient drainage and a deep vadose zone that accommodates
deep Inf, despite a shallower model regolith in mountains (Fig. S2).
Patternsin DD (Fig. 3B and C) are dominated by climate; zeroin de-
serts and highestin humid climates. But significant DD also occurs
in arid river valleys and deltas such as the Nile, the Niger, and the
Okavango (Fig. 3 inset, BW and BS climate), where the rivers are
sourced in remote and wetter mountains. Table S6 tabulates the
model results in Fig. 3. The hundreds of millions of grid-cells are
grouped by 31 Koppen-Geiger climates (Fig. S8) and within a cli-
mate by upland vs. lowland for testing H2. Figure 5A-C plots the
model Inf and DD vs. annual P. In drier climates (P <800 mm/
year, box), model Inf echoes site data (Fig. 4A), deepening with
higher P, but the trend reverses with further increase in P due to

increasing land saturation. As expected, DD frequency and
amount increase with higher P, but with less scatter than site
data (Fig. S7) as the model missed site-scale variations in sub-
strate and vegetation, and the results are averaged over large cli-
mate zones.

Drainage (H2)

To test H2 on land-drainage effect, with WT-depth as an indicator
of drainage conditions, we plot Inf- vs. WT-depth from site-studies
(Fig. 4B). It shows that the WT-depth is the lower bound of
Inf-depth; the points slightly below the 1:1 line are sites where
large WT fluctuations resultin a mean WT (plotted here) shallower
than seasonal maximum Inf-depth. Inf terminates at WT (on 1:1
line) in humid (blue) but also arid climates (red-orange), the latter
via deep conduits in karsts (15, 20). The drainage effect on DD is
less clear (Fig. S9, Table S7) due to competing mechanisms: runoff
into valleys potentially increases valley DD, but in a humid cli-
mate valley saturation prevents DD, and in an arid climate the
higher valley E + Tr also prevents DD. Thus in valley settings, the
interplay among runoff input, saturation or higher E + Tr loss, all
varying across climate and season, determines if DD is higher or
lower.

Model results (Fig. 3A) show a deeper Inf in better-drained up-
lands. This occurs at the continental (mountains vs. floodplains)
to local (hills vs. valleys, insets, to the extent resolved by the
~1km model grid) scales. This pattern is seen in Fig. 5A, with far
shallower Inf in lowlands (filled squares), particularly in the
high-P range with increasing valley saturation. Figure 5D-G fur-
ther explores the Inf-WT relation in different climates and across
the season, plotting monthly Inf- vs. WT-depth. It suggests that,
first, in all climates and all months, Inf penetrated deeper in up-
lands (+) than lowlands (V). Second, the drier the climate (ordered
by the Képpen-Geiger climate class A-C-D-B), the larger the gaps
between Inf- and WT-depths, so thatin arid B climate, WT-depthis
no longer a limiting factor for Inf-depth. However, although Inf
does not reach WT seasonally, it can do so in wetter periods
such as large cyclones and El Niflo or La Nifla years (43, 44).

Substrate structure (H3)

We test H3 that at local scales, the substrate structure exerts pri-
mary controls on Inf and DD. First, we plot Inf-depth and DD
against the soil texture given by the site-studies (Fig. S10).
Inf-depth varied over orders of magnitude for a given texture
class, with no patterns in DD frequency and amount. The low
correlation is partly explained by deeper barriers or conduits be-
low surface soils. In Fig. 4C, Inf-depths correlate well with the soil
B-horizon depths (Pearson r=0.80, Table S8). It is no surprise as
B-horizons are products of Inf; it is the depth where Inf ends, de-
positing/mineralizing leachates from above via translocation
(Fig. 1C). The process reduces permeability and impedes Inf.
Two feedbacks likely cemented the correlation: (i) a developing
B-horizon impedes Inf, affirming its formation by more depos-
ition, and (ii) by holding Inf longer above or within a developing
B-horizon, it boosts plant root-uptake long after the rain (9), fur-
ther reducing the surplus for deeper Inf and DD. In contrast, Inf
did not always stop at the reported bedrock surface (Fig. 4D)
but frequently penetrated below, because bedrock fractures
are efficient conduits for deep Inf. This happened in wet or
winter-wet climates (blue points below 1:1) but also in dry or
summer-wet climates in karst terrain (orange points), highlight-
ing the critical control of the substrate. To assess the impact of
preferential flow via deep fractures or macropores, we plot
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Fig. 3. A)Modeled seasonal Inf-depth (m), B) DD frequency as number of months per year when Infreached below plant uptake depth divided by 12, and C)
DD amount (mmy/year). Blank = flux < 1 mm/year. See Section S2.8 for details on making these maps. Insets give local details for seven Képen-Geiger
climate classes: Af (tropical forest, humid), Aw (tropical savanna, winter-dry), BS (semiarid steppe), BW (arid desert), Cfa (temperate, humid, hot
summer), Csa (temperate, summer-dry, hot summer), and Dwa (continental, winter-dry, hot summer).

Inf-depths vs. P, separating sites with and without reported evi- distribution (Fig. S11b) suggests mostly shallow Inf without it.
dence for preferential flow (Fig. S11a). Preferential flow (blue) Because not all studies addressed the process of preferential
deepened Inf by ~5m across all climates, and Inf-depth flow, its role may be under-reported.
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Fig. 4. Testing hypotheses H1-H5 with site observations. A) Climate (H1): Inf-depth vs. mean annual P, separating winter-wet, summer-wet, and
even-wet/dry sites (statistics in Table S5). B) Drainage (H2): Inf-depth vs. WT-depth (statistics in Table S7). C, D) Substrate (H3): Inf-depth vs. soil B-horizon
and bedrock depths (statistics in Table S8). E, F) Vegetation response (H4): rooting-depth vs. Inf-depth (statistics in Table S9) and bedrock-depth. G-I)
Vegetation feedback (HS): Inf-depth vs. growth form as biomass indicator with class-mean as black squares, DD frequency and DD amount from
site-studies with vegetation as the only variable across multiple sites under the same climate-terrain settings (legend show mean annual P in mm).

Vegetation response (H4)

We test H4 that in arid and season-arid uplands, plant rooting-
depth is influenced by seasonal Inf-depth. We posed this hypoth-
esis earlier (27) on hydrologic regulation of plant rooting-depth
along climate and drainage gradients (Fig. S12). At that time, we
lacked collocated root- and Inf-depth observations, and compiling
that dataset was a primary motivation for this study. Figure 4E
plots root- vs. seasonal Inf-depth, including all observations under
all climate-drainage conditions. The results support H4 (Pearson r
=0.65, Table S9) despite including sites outside the hypothesized
climate-drainage window (arid to season-arid, uplands without
WT influence, cases 1 and 4 in Fig. S12). We numbered and

analyzed the sites with the largest deviations from the 1:1 line
(Fig. S13a, Table S10) confirming that they are indeed far from
our hypothesized site conditions (see Discussion in Section S3.4).
Further evidence of roots following deep Infis found in Fig. 4F plot-
ting root- vs. bedrock-depth (data from (27)). Points below 1:1 are
roots tapping into rock fractures, all woody plants in strongly sea-
sonal climates where the wet season fills the deep fractures and
the dry season demands its use.

Figure 5H-K gives the model results, plotting monthly
root-uptake vs. Inf-depths, grouped by the climate and separating
uplands vs. lowlands (as in Fig. 5D-G). In arid B climate (Fig. 5I) on
uplands (+), root-uptake depth followed Inf-depth (near 1:1 line),
while in lowlands (V), roots went below Inf-depth to tap the WT
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Fig. 5. Testing the hypotheses with model results. A-C) Climate (H1): Inf-depth, DD frequency and amount vs. mean annual P, separating uplands vs.
lowlands to test H2. D-G) Drainage (H2): monthly Inf-depth vs. WT-depth in 26 climates (no polar) in four Képpen-Geiger classes, differentiating uplands
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hump-shape vegetation impact along biomass (LAI) gradient.

capillary rise. Here, the great root-uptake depths (5-10 m) are be-
cause Tr and uptake only occur in grid-cells with satellite-
detectable biomass such as riparian forests, missing the widely

occurring small/sparse desert plants depending on shallow local
Inf; i.e. Fig. 5Ireflects only lush riparian/oases vegetation demand-
ing deeper water-uptake. In season-dry climates, such as in Aw
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and As (Fig. 5H) and Csa and Csb (Fig. 5]), uptake depth on upland
(+) terminated far above Inf-depth, contrary to our hypothesis.
Again, the model, driven by satellite-detected, grid-cell-mean bio-
mass, averaged out the isolated, large individual trees requiring
deep uptake as shown by observations of individual plant rooting
depths (Fig. 4E).

Vegetation feedback (H5)

We test H5 that vegetation water-use reinforces shallow Infin dry
ecosystems. The moderate correlation between root- and
Inf-depths (Fig. 4E, Table S9, Pearson r = 0.65) may hint at this feed-
back, i.e. Inf cannot pass below and thus is limited by rooting-
depth. We test whether this vegetation impact peaks in semiarid
and season-arid climates as a hump-shaped (Int+Tr)/P curve
(Fig. 1D). We plot (Int + Tr)/P vs. biomass, the best indicator of plant
water use. Lacking consistent biomass metrics across the
site-studies, we binned the reported vegetation into eight growth-
form classes as proxies (Fig. 4G). Although biomass increases with
higher Pin general, it can vary widely under the same P (Fig. S14a)
due to other factors such as terrain and land use, thus plotting (Int
+Tr)/P vs. biomass (instead of P) offers clearer insights on biomass
impact. Figure 4G plots Inf-depth vs. biomass classes. With wide
scatter, class-mean Inf-depths (black squares) show the expected;
as biomass increases from 0 to 4, in water-limited ecosystems,
higher biomass correlates with shallower Inf; as biomass further
increases from 4 to 7, associated with increasing water surplus,
higher biomass correlates with deeper Inf. It appears that, in the
first limb, as P increased, Int + Tr increased faster, and in the se-
cond limb, Int+ Tr demands are increasingly met and additional
P can infiltrate deeper; biogenic macropores from large biomass
further deepen Inf (35).

DD frequency/amount (Fig. S14b and c) showed no clear pat-
tern suggesting multiple factors at play. To isolate vegetation im-
pact on DD, we examine the site-studies where vegetation is the
only variable across the multiple sites in the same study
(Table S11). Figure 4H plots DD frequency vs. biomass from eight
studies (45-52) and Fig. 41 plots DD-amount vs. biomass from 11
studies (29, 51-60). Barring two sites, they suggest declining DD
with increasing biomass. In Carbon82 (29) (Fig. 4H), native euca-
lyptus-banksia (class 7, density ~580/ha) transpired less than
densely planted pines (class 4, density ~1,200/ha), which tran-
spired less than perennial pasture (class 3, sowed-grazed); in
Greenwood17 (57) (Fig. 4I), native deciduous broadleaf forests
(class 6) transpired less than plantation pines (class 4); both sug-
gesting that growth forms are poor indicators of biomass of man-
aged vegetation.

The model, driven by satellite-detected monthly biomass (LAI),
suggests that the (Int + Tr)/P ratio vs. biomass (Fig. SL, Table S6) in-
deed takes the expected hump-shape (Fig. 1D), peaking in season-
arid Aw (tropical, winter-dry) and As (tropical, summer-dry) and
semiarid BSh climates. It supports the results of a combining field,
remote-sensing, and ecohydrologic modeling study (30). Our mod-
el, simulating lateral hydrologic convergence, also shows that the
ratio is higher in lowlands (filled squares, Fig. 5L) in season-arid
(Aw, As), semiarid (BSh), and arid (BWh) climates, because runoff
from uplands supports higher lowland biomass. Here, the valley
vegetation consumes not only the local P, but also the DD from
uplands (7).

Dry soil zone (H6)
We examine the climate-terrain-vegetation junctions leading to
the presence/absence of a soil dry zone (Fig. 1B) that separates

the modern-day surface hydrology from the deep fossil ground-
water. Figure S15 shows the observed soil water profiles/fluxes
at 12 sites (Table S12) at typical climate-drainage junctions, and
with site-specific B-horizon (gray shade), vegetation, root-depth
and WT-depth, and the dry soil zone (orange box; see Section S3.
6 for dry-zone inference). The 12 cases, a small sample of diverse
settings across the land, may highlight some key climate-
terrain-vegetation interactions.

In the arid upland (case 1, Fig. S15), the dry zone is substantial
and persistent (61). It thins downslope (case 2) as the WT becomes
shallower (62) and accessible to the deep-rooted mesquite. It fur-
ther thins toward the basin floor (case 3) where the WT provides all
Tr for the salt cedar with 4 m deep roots (63).

In semiarid climates (second row, Fig. S15), the dry zone is
highly sensitive to the vegetation, absent in the upland (case 4)
under annual crops, but 2 m thick under perennial alfalfa (38).
Downslope (case 5), the dry zone is absent under the bare soil
and the native shrub, but present under the pines (DD =60%,
33%, 0% of P) with >4 m roots tapping the WT (53, 64). Further
downslope (case 6), a dry zone appeared after a drought year
(based on annual DD) (65).

In climates with strong rainy or melt seasons (third row,
Fig. S15) wetting the regolith deeply, a dry zone is rarer but de-
pends on the substrate. In case 7, the deep rock fractures chan-
neled the fast/deep Inf to a WT above the fresh bedrock (18), but
in case 8, the multiple Bhs-horizons (yellow bands) halted Inf at
7 m depth (10). In case 9, a lower site in the same study, a dry
zone is absent despite a Bhs-horizon (gray) just above the WT
(10). Here, the WT is within root and bioturbation reach, which
breaks the barriers.

Inhumid climates (bottom row, Fig. S15), the dry zoneis absent.
In case 10, despite dry-season depletion to 6 m depth during the
5 months of P< 100 mm, the entire 20 m profile is replenished
in the wet season (DD~ 30% P (66)) (21). In case 11, the soil
Bt-horizons, partially eroded by cultivation (67-69), did not pre-
vent Inf from reaching the ~5 m WT fluctuating 4-10 m (68); river
chemistry confirms this: the acidic DD is neutralized by weath-
ering the igneous rock below before it is flushed to streams (6).
In case 12, a Btg-horizon forms above a shallow fluctuating
WT, but it has no impact on DD (70); here, as in case 9 above, a
B-horizon just above a shallow WT is within the root and bio-
turbation reach.

We use the model to explore the global patterns in the dry-zone
depth and thickness. Figure 516 gives the model results (showing
locations of the 12 cases in Fig. S15). Consistent with site-studies,
the model suggests a substantial soil dry zone in arid climates,
which is absent in season-wet and wet climates, and within a cli-
mate (insets), it thins toward the valleys because of the thinner va-
dose zone.

Discussion

The distinct functions of hydrologic long- vs. short-circuiting
prompted some basic questions: Across the land today, where
does long-circuiting prevail and where is short-circuiting the
norm? What forces and feedbacks create such patterns? We
tested six hypotheses: (H1) at the global-regional scales, Inf and
DD broadly reflect the climate; (H2) at the regional-landscape
scales, Inf and DD differ from the uplands to the lowlands via
mechanisms that depend on the climate; (H3) at the landscape-
plot scales, the structure of the soil-saprolite-rock column exerts
primary controls on Inf and DD; (H4) plant root-uptake follows Inf
where water is limiting; (HS) plant water-uptake reduces DD
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reinforcing shallow Inf; and (H6) short-circuiting creates a soil dry-
zone separating the modern surface processes from the fossil
groundwater.

Synthesizing site-based observations aided by a global model,
we tested these hypotheses and found that: (i) Long-circuiting
prevails in evenly wet climates, in well-drained landscapes
with a deep vadose zone, in substrates with deep conduits,
and with plant biomass below natural equilibrium. (ii) Soil
B-horizons, via geochemical and vegetation feedbacks, enhance
short-circuiting, while deep rock fractures enable long-circuiting
even in dry climates. (iii) In dry climates/seasons and in the up-
lands, plant roots follow Inf into the deep vadose zone filled in
the wet-season. (iv) Plant water-use reinforces shallow Inf, redu-
cing DD and regolith flushing in dry and season-dry climates. (v)
Where short-circuiting prevails, a dry soil zone separates the
modern surface processes from the fossil groundwater. These
findings, rooted in site-based process studies and scaled up to
global patterns and functions, shed light on the possible global
significance of specific critical zone processes discovered at
plot, hillslope, and catchment scales.

To probe the implications to the Earth-system level functions,
we further examine a set of modeled global maps. At the grid reso-
lution of ~1 km, neglecting soil B-horizons, deep rock fractures,
and human impacts, these maps do not predict the actual values
at specific sites but can be useful for exploring possible planetary-
scale structures and functions of the Earth’s critical zone arising
from first-order interactions among climate, terrain, and
vegetation.

Figure 3A shown earlier, the seasonal Inf-depth, offers a
glimpse of the possible depth that is regularly moistened and aer-
ated (above WT); this is the primary habitat for soil and plant life.
Figure 3B and C offers the global views of DD frequency and
amount whereby the regolith is flushed, aquifers filled, rivers
fed by groundwater, but also where nutrients/pollutants are mo-
bilized. Figure S16 gives the possible thickness of the soil dry zone,
or the degree of separation between the soil and the groundwater
hydrology. This dry zone severs the hydraulic and biogeochemical
connections between the modern surface processes and the deep
fossil groundwater replenished in the past and recording past en-
vironmental signals. It also indicates areas on Earth where the
land exchanges mass/energy only with the atmosphere above,
but contributes little toward freshwater and geochemical export
to the oceans downstream.

Figure 6A-C offers additional views (Section S3.7). Figure 6A
is the depth that supplies E + Tr and latent heat to the atmos-
phere above, hinting at the possible subsurface depths that
regulate weather, climate, and short-term carbon cycle, or
the minimum depth to be considered in climate models. Far
from being a fixed depth across the land, it can vary over or-
ders of magnitude. Climate is not the only driver. For example,
it is shallow in arid uplands (Sahara, point 1 on map), limited
by the shallow Inf from low P, but it is also shallow in humid
lowlands (Amazon floodplain, point 2), limited by the shallow
WT due to poor drainage. For another example, it is deep in
arid lowlands (Arizona-Mexico, inset 3; Tarim Bains, inset 4)
where the higher valley vegetation taps the deep yet accessible
WT, but it is also deep in season-dry uplands (eastern Brazil,
inset 5) where the deep wet-season Inf supplies deep dry-
season uptake by the large biomass, suggesting opportunistic
biomass distribution and water use adapted to water availabil-
ity in space-time. However, the structures in Fig. 6A arose
from processes deeper than E+Tr depth. For example, valley
E+Tr at points 3 and 4 in arid valleys is sustained by a shallow

WT, but the latter a result of multiscale river-groundwater con-
vergence from the high mountains to the low valleys. Where
regional groundwater flow is involved, it can be tens to hundreds
of kilometers in distance and tens to hundreds of meters in
depth (62, 71, 72).

As theregolith flushing rate and fluid residence-time regulates
the chemical weathering rates (73), we show in Fig. 6B the verti-
cally integrated annual groundwater outflow rate, which is the
sum of the lateral export to down-gradient model grid-cells
plus the upward discharge into the rivers—floodplains within a
grid-cell. This exit-flux can give a sense of the rigor of regolith
flushing. Together with the groundwater residence times
(Fig. 6C), it highlights some multiscale features relevant to chem-
ical denudation rates of continents. Globally, climatic water
budget causes stagnant flow in arid and active flow in humid cli-
mates; e.g. contrast the Sahara and the Amazon. Regionally,
flushing is more active in the better-drained uplands than in
the flat basin sediments; e.g. contrast the major floodplains,
such as the Sudd, the Orinoco, and the North China Plain (points
6,7, and 8 respectively, in Fig. 6B and C) to their surrounding high
grounds. Finally, the major mountain ranges of the world, espe-
cially on the windward fronts, see highest flushing rates and
shortest residence times, result of the high orographic P com-
bined with the steep terrain, despite low mountain permeability
in the model (Fig. S2); mountain flushing can be further strength-
ened by deep fractures due to high crustal stress in high-relief
terrain (13, 74) absent in our model. The deeper Inf (Fig. 3A, sup-
porting observation in (75, 76)) and the higher flushing rates in
mountains suggest that mountain hydrology itself is conducive
to chemical denudation besides other mechanisms such as
abundance of fresh minerals (77, 78).

Our findings may also inform the discussions on the role of
vegetation in chemical denudation. It is widely accepted that
vegetation accelerates weathering (79) as evidenced by stream
chemistry (80-82), and that enhanced silicate weathering ac-
companying the land-plant radiation in Devonian profoundly
altered the Earth system (83-85). But if vegetation reduces DD
and regolith flushing (H5), then its role may be double-edged.
Key to elucidating this double-edged effect is to separate the
weathering reactions whereby the minerals are chemically
broken down, from pore-fluid flushing whereby the products
are flushed into streams, as suggested by Berner (86) and
Balogh-Brunstad et al. (87). The two processes are often com-
bined into chemical denudation as their signals are often inte-
grated in river chemistry, concealing the bottle-neck that
limits denudation rates. If separated, the role of vegetation
may be viewed with greater clarity. For example, in sand-box ex-
periments (52, 87) equipped with soil samplers and lysimeters
under pines, grasses, and moss-lichens, Si concentration below
pinesis 2x higher than below moss/lichen, but DD in the latteris
1.4-2.6x higher; the combined result is the reduced Si denuda-
tion under the pines to ~1/2 of that under the moss/lichen; i.e.
“vegetation may actually decrease chemical denudation from
young, soil-building ecosystems” (52).

Lastly, the site-studies highlight the importance of shallow
soil B-horizons and deep rock fractures. Questions remain on
their global significance and ecological and geochemical conse-
quences, and on how ecosystem predictions may change by ac-
counting for them where they are the defining features of the
substrate (17). Lacking such critical features, our model is only
a crude attempt to portray the enormously complex subsurface,
but it is meant to spur further thoughts and site observations
strategically designed for piecing together the global structure
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of subsurface properties that govern water storage and flow in
the Earth’s critical zone. This zone, with unknown thickness,
functions in capacity as the lithospheric boundary layer to the
Earth’s climate system, trading material and energy with the

atmosphere above, and sending products of that trade to the
oceans downstream. What does this zone look like today, how
did it change through Earth history, and how will its functions
change in the future?
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