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Soil Carbon Losses Reduce Soil Moisture in Global Climate Model Simulations

SONALI SHUKLA MCDERMID,* ENSHENG WENG,”® MICHAEL PUMA,>¢ BENJAMIN COOK,*¢ TOMISLAV HENGL,®
JONATHAN SANDERMAN," GABRIELLE J. M. DE LANNOY,® AND IGOR ALEINOV®®

@ Department of Environmental Studies, New York University, New York, New York
® Center for Climate Systems Research, Columbia University, New York, New York
¢ NASA Goddard Institute for Space Studies, New York, New York
4 Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York
¢ OpenGeoHub Foundation/Envirometrix Ltd., Wageningen, Netherlands
"Woodwell Climate Research Center, Woods Hole, Massachusetts
¢ Department of Earth and Environmental Sciences, Katholieke Universiteit Leuven, Leuven, Belgium

(Manuscript received 24 January 2022, in final form 5 July 2022)

ABSTRACT: Most agricultural soils have experienced substantial soil organic carbon losses in time. These losses moti-
vate recent calls to restore organic carbon in agricultural lands to improve biogeochemical cycling and for climate change
mitigation. Declines in organic carbon also reduce soil infiltration and water holding capacity, which may have important
effects on regional hydrology and climate. To explore the regional hydroclimate impacts of soil organic carbon changes, we
conduct new global climate model experiments with NASA Goddard Institute for Space Studies ModelE that include spa-
tially explicit soil organic carbon concentrations associated with different human land management scenarios. Compared
to a “no land use” case, a year 2010 soil degradation scenario, in which organic carbon content (OCC; weight %) is reduced
by a factor of ~0.12 on average across agricultural soils, resulted in soil moisture losses between 0.5 and 1 temporal stan-
dard deviations over eastern Asia, northern Europe, and the eastern United States. In a more extreme idealized scenario
where OCC is reduced uniformly by 0.66 across agricultural soils, soil moisture losses exceed one standard deviation in
both hemispheres. Within the model, these soil moisture declines occur primarily due to reductions in porosity (and to a
lesser extent infiltration) that overall soil water holding capacity. These results demonstrate that changes in soil organic car-
bon can have meaningful, large-scale effects on regional hydroclimate and should be considered in climate model evalua-
tions and developments. Further, this also suggests that soil restoration efforts targeting the carbon cycle are likely to have
additional benefits for improving drought resilience.

KEYWORDS: Atmosphere-land interaction; Anthropogenic effects/forcing; Biosphere-atmosphere interaction;
Climatology; Soil moisture; Water budget/balance

1. Introduction small OCC changes are associated with relatively large de-
clines in stocks of SOC, and these changes have significant im-
pacts on soil ecosystem services (Lal et al. 2011). Since the
dawn of agriculture (~12000 years), global SOC stocks have
declined by an estimated ~116 PgC as a consequence of land-
use change (Sanderman et al. 2017). These losses have had
significant impacts on nutrient retention and cycling in agri-
cultural systems, with implications for reduced productivity
(Lal et al. 2011; Oldfield et al. 2019), while also contributing
to rising atmospheric greenhouse gas concentrations (Lal
2015; Lal et al. 2015; Houghton and Nassikas 2017). In light
of this, there is growing interest in rebuilding soil carbon
stocks on agricultural land through improved management to
mitigate anthropogenic climate change (Chabbi et al. 2017;
Amelung et al. 2020; Bossio et al. 2020; Zomer et al. 2017;
Paustian et al. 2016).
Ensheng Weng, Michael Puma, Benjamin Cook, and Tomislav Additionally, there are also important biogeophysical
Hengl made equal contributions. impacts of SOC changes, particularly related to soil-water
dynamics in managed agroecosystems (Arenas-Calle et al.
Corresponding author: Sonali Shukla McDermid, sps246@nyu.  2021). Higher SOC content increases porosity and stabilizes
edu soil aggregates, thereby increasing soil water holding capacity
and plant available water (Intergovernmental Technical Panel

Earth Interactions is published jointly by the American Meteo- on Soils 2015). As an example, in a major Canadian agricultural

rological Society, the American Geophysical Union, and the Asso- ~ region with relatively high SOC, Manns et al. (2016) identified
ciation of American Geographers. strong correlative relationships and feedbacks between SOC,

Land-use and land-cover change, especially through agri-
cultural expansion and industrialization, has resulted in soil
organic matter losses across many important crop and pasture
regions (Sanderman et al. 2017; Scholes et al. 2018). Hereaf-
ter, we refer primarily to soil organic matter in terms of stored
soil organic carbon (SOC), as this constitutes a major portion
(~58%) of total organic matter in soils. The global SOC stock
to 1 m depth amounts to ~1500 PgC, although significant spa-
tial variation exists (Zomer et al. 2017). The weight fraction
of organic carbon content (OCC) of most agricultural soils is
<2% of the total mass of soil material and concentrated
in the upper soil layers (Oldfield et al. 2019). Consequently,
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soil textures, and mean soil water content (positively corre-
lated with SOC). In fact, Herrick et al. (2013) suggest that sig-
nificant losses of SOC, and corresponding degradation of soil
structures, may lead to “edaphic droughts” that persist during
mean or “normal” growing (i.e., precipitation) conditions.
Losses of SOC could potentially exacerbate climate-driven
variability and drought.

As a possible corollary, increasing SOC may help to partially
ameliorate drought impacts on crops, thereby serving as an
adaptive strategy for agricultural systems under climate change
(Arenas-Calle et al. 2021; Webb et al. 2017; lizumi and Wagai
2019; Williams et al. 2016). Conservation soil management,
which can protect and restore SOC through cover cropping, pe-
rennial plantings, and other practices, has been shown to in-
crease infiltration relative to standard management practices by
~30%-60% (Basche and DeLonge 2019; Blanco-Canqui et al.
2015). Across major maize growing regions in the United States,
higher soil organic matter is associated with reduced rates of
crop insurance payouts during droughts, related at least in part
to higher available water capacity (Kane et al. 2021) as well as
other plant and soil interactions that have yet to be understood
and quantified. A global empirical analysis by lizumi and Wagai
(2019) demonstrated that enhancing SOC can benefit crop
productivity during dry years, thereby partially mitigating crop
risks due to drought and/or in rainfed agroclimatic zones (Lal
et al. 2007). For coarse textured soils in Wisconsin, Yost and
Hartemink (2019) found that a 1% increase in SOC was corre-
lated with 0.05 m® m™> additional plant available water. The
mean plant available water across soils in this study was only
0.11 m® m ™ suggesting that an increase of organic carbon from
1 to 3 weight % would improve plant available water by around
50% on a relative basis.

Nevertheless, the debate continues regarding if and to what
degree a given increase in SOC increases plant available wa-
ter (Minasny and McBratney 2018; Krull et al. 2004). Sources
of uncertainty include limitations in large regional or global
databases and heterogeneity of soils; pedotransfer functions
that may not capture the full variability in soil water (Minasny
and McBratney 2018); and/or the variation in cultivated soils
(e.g., Loveland and Webb 2003) and experimental design and
treatments (e.g., Blanco-Canqui et al. 2015; Lal et al. 2007).
We further note that increased soil water under conservation
management is likely related not just to increases in SOC, but
also to increased root growth, soil faunal activity associated
with a denser rooting system, and resulting soil aggregates
that collectively decrease bulk density, increase porosity, and
can lead to enhanced infiltration. It is therefore important to
consider and account for the ways agricultural management
impacts the diversity of organic and biological matter in soils
when considering their impact on water infiltration (Cardoso
et al. 2013). In general, SOC-mediated increases in plant
available water may become more consequential near field
capacity than near the soil wilting point (Minasny and
McBratney 2018; Hudson 1994) and for coarse-textured (e.g.,
sandy) soils (Rawls et al. 2003). Hudson (1994), nevertheless,
found that plant available water more than doubled as soil
organic matter content increased from 0.5% to 3% across
texture classes. However, as Minasny and McBratney (2018)
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note, increasing soil organic matter levels by 2% or more
throughout the rooting zone (top half meter) of many agricul-
tural soils may be an overly ambitious management goal.

Global and regional experiments have been conducted with
land surface and climate models (with varying degrees of pro-
cess coupling) to investigate the carbon cycle and biogeo-
chemical consequences of soil carbon changes (Drewniak
et al. 2015; Tian et al. 2016; Luo et al. 2016; Tto et al. 2020).
However, few studies have explored the biogeophysical ef-
fects of soil carbon, especially on soil moisture and hydrocli-
mate (Rawls et al. 2003). De Lannoy et al. (2014) did
explicitly account for the effects of soil OCC for relatively
low-carbon soils in calculations of soil hydraulic parameters
(e.g., porosity, saturated hydraulic conductivity, and matric
potential) in global land surface model experiments. While
this constitutes an important avenue of model development,
additional work is needed to assess the contribution of these
developments to regional hydroclimate in a coupled modeling
framework. In this study, we begin to fill this research gap by
linking soil organic carbon changes to biogeophysical (i.e.,
hydroclimate) responses in the NASA Goddard Institute for
Space Studies ModelE (Kelley et al. 2020) global climate
model. Specifically, we conduct a sensitivity study to investi-
gate how scenarios of SOC change, driven largely by anthro-
pogenic land-use and land-cover change, impact key soil
hydraulic parameters and modify global and regional soil
moisture and hydroclimate.

2. Methods
a. Description of the NASA GISS ModelE

We perform our experiments with the NASA GISS Mod-
elE, a state-of-the-art global climate model that contributes to
the Coupled Model Intercomparison Project (CMIP) (Eyring
et al. 2016) as an ongoing development effort. The most
recent documented version, with spatial resolution is 2° lati-
tude X 2.5° longitude and 40 vertical atmospheric layers, is
described in Kelley et al. (2020), Miller (2014), and Schmidt
et al. (2014). ModelE has been shown to reasonably represent
observed climate conditions and responses to historical anthro-
pogenic forcings (Miller 2014; Schmidt et al. 2014). For this
study, we use prescribed sea surface temperatures reflecting cli-
matological conditions around the year 2000 and superimposed
the detrended historical sea surface temperature variability
from 1850 to 1985, resulting in 136 years of simulation time. All
other forcings, anthropogenic and natural including greenhouse
gases, aerosols, volcanoes, etc., were set to year 2000 conditions
(Table 1), as was global land use (crop and pasture fractions)
(McDermid et al. 2019). The last 130 years of the integration
are used for our analyses.

ModelE uses vegetation characteristics from the Ent Terrestrial
Biosphere Model (Ent TBM) (Kim et al. 2015). For our experi-
ments, we operate Ent in “biophysics-only” mode as described by
Kim et al. (2015). Ent biophysics are based on well-known cou-
pled photosynthesis and stomatal conductance formulation (Ball
et al. 1987; Collatz et al. 1991; Farquhar and von Caemmerer
1982). Further details about the natural vegetation phenology and
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TABLE 1. Short names and descriptions of ModelE experiments conducted for this study.

Expt short name

Description

NoLU
2010LU
30ST

SOC layers down to 100 cm adapted from no-land-use scenario in Sanderman et al. (2017)
SOC layers down to 100 cm adapted from 2010 land-use scenario in Sanderman et al. (2017)
A sensitivity test constructed by reducing NoLU SOC by 30%; this value represented the

approximate 95th percentile of losses under 2010 land-use conditions (relative to NoLU)

the canopy radiative transfer can be found in Kim et al. (2015)
and Friend and Kiang (2005), respectively. In this mode, water va-
por fluxes are prognostically simulated for each grid cell by pre-
scribing canopy structure and leaf area index (LAI) for 17
possible plant functional types. Rooting depth across the plant
functional types are currently given by Rosenzweig and Abramo-
poulos (1997). More than 60% of the root mass for crop func-
tional type gridcell fractions are located within the top ~0.6 m of
soil in this vegetation structure. All soil moisture results that fol-
low are average values over this depth. Over agricultural grid
cells, LAI values and seasonal cycles (i.e., crop calendars) for
crop-designated plant functional types are prescribed in accor-
dance with McDermid et al. (2019).

The land module with ModelE (see appendix for more in-
formation) includes two tiles within each terrestrial grid cell:
one with bare soil and the other with vegetated soil. For each
tile, the six-layer soil column extends to a depth of 3.5 m,
where the layer thicknesses are computed using a geometric
progression of 0.1, 0.17, 0.30, 0.51, 0.89, and 1.53 m (Rose-
nzweig and Abramopoulos 1997). Soil composition in the
model is characterized as a mixture of five different compo-
nents: sand, silt, and clay, the distributions of which were
obtained from SoilGrids (Hengl et al. 2017) (see section 2b
below). Peat and bedrock layers were unchanged from default
ModelE configuration (Staub et al. 1987, Webb et al. 1991,
1993). TerraE includes a representation of infiltration and re-
distribution (Abramopoulos et al. 1988) using Richards’ equa-
tion in one dimension with sink terms for evaporation and
transpiration (e.g., Abramopoulos et al. 1988; Puma et al.
2007). The constitutive equations for the relationships be-
tween soil moisture and both matrix potential and hydraulic
conductivity are based on the empirical Campbell (1974) for-
mulations. Details on these formulations as well as runoff,
evaporation, and transpiration are provided in the appendix.

For this study, we update TerraE with new soil saturated hy-
draulic parameters (SHPs) for the Campbell (1974) equations
(see appendix). The new SHPs were calculated offline using
the pedotransfer functions (PTFs) detailed in De Lannoy et al.
(2014) (see their Tables 1 and 2, also in appendix), which were

1. Compute OCC from
Sanderman et al. SOC
scenarios (Figure 2).

2. Compute associated bulk
densities for each scenario
(Figure A2).

Computed OCC and
SoilGrids textures

Computed OCC, computed bulk
densities, and SoilGrids textures

adapted from Saxton and Rawls (2006) and Wosten et al.
(2001, 1999). We choose these PTFs because they account for
the influence of lower levels of soil carbon (i.e., lower than
those found in peatlands or organic soils, which are higher
than carbon levels that characterize many agricultural regions)
on the SHPs.

b. Soil organic carbon data and model implementation

Global, spatially explicit data on SOC stocks (MgC ha™!)
were obtained from Sanderman et al. (2017) and soil bulk
densities and textures (sand, silt, clay, and coarse fractions)
were provided by SoilGrids (Hengl et al. 2017) at a 5 arc min
spatial resolution. SOC stocks were provided for anthropo-
genic land-use (LU) conditions reflecting reference years 900,
1800, 1910, 1960, 1990, and 2010 CE (“2010LU”), as well as a
no-land-use (“NoLU”) scenario, taken to be ~10000 BC
based on the previous work of Sanderman et al. (2017). These
scenarios contain the SOC concentrations for 0-30, 0-100,
and 0-200 cm soil depth, but do not provide data on the asso-
ciated bulk density or texture. Therefore, we will rely on the
available soil bulk density values and textures from SoilGrids,
which correspond to 2010 conditions, and this will limit our
ability to capture important SOC feedbacks with bulk density.
We consider the limitations this may impose on our findings
in the discussion section (section 4) below. From the avail-
able LU scenarios above, we selected the 2010LU, repre-
senting near-modern day conditions, for comparison to the
NoLU scenario (Table 1). The 2010LU scenario is charac-
terized by a spatially variable reduction of the SOC across
agricultural land (OCC reduced by a factor 0.12) relative to
the NoLU.

For these two selected scenarios, the SOC data were
implemented in ModelE per the steps shown in Fig. 1 as
follows:

1) The SHP calculations require soil carbon to be expressed
as weight percentage OCC. Therefore, SOC (mass, kg)
stock data given by the Sanderman et al. scenarios were
converted to OCC (weight %) for the “top” (0-30 cm)

3. Compute SHPs for each
scenario (Figure 3 and Figure
A3).

4. Prepare SHPs for ModelE
read-in

Computed SHPs

FIG. 1. Flow diagram of approach for implementing SOC scenarios in the GISS ModelE land surface. Dark gray boxes indicate the calcu-
lation steps performed (described in section 2b) and light gray boxes specify the available inputs to each calculation.
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FIG. 2. (a) OCC (weight %) for NoLU conditions down to 100 cm. Change in OCC (change expressed in percentage points) from
NoLU for the (b) 2010LU and (c) 30ST experiments. All maps are masked for modern (~2000s) combined crop and pasture area in order

to focus on the responses of human-managed land systems.

and “profile” (0-100 cm) soil layers using the bulk density
and textures provided by SoilGrids (which represent present-
day soil conditions).

2) These fractional OCC values are then taken as “given” and,
together with SoilGrids’ mineral soil texture weight fractions,
are used to compute new, spatially explicit bulk densities for
each scenario with PTFs provided in De Lannoy et al. (2014)
(Fig. Alb). These computed bulk density values are then
used for all subsequent SHP calculations. As a point of com-
parison, we note that the 2010LU OCC values produced in
step 1 result in computed bulk densities (here in step 2) that
are generally lower than those shown in De Lannoy et al.
(2014) (see Fig. A2), particularly across mid-high latitudes.
We discuss implications of this below.

3) Using the computed OCC values from step 1, the com-
puted bulk densities from step 2, and the SoilGrids tex-
tures, we compute the SHPs for the “top” and “profile”
soil layers using the PTFs detailed in De Lannoy et al.
(2014) (see their Table 2 and Fig. Al). We also calcu-
late the associated wilting point using Campbell (1974),
and all calculations are performed at the native 5 arc min
SoilGrids resolution. For these calculations, OCC is
converted to organic matter content using 1.72 scaling
factor.

4) We aggregate these SHPs to the coarser ModelE resolu-
tion using a nearest neighbor approach and apply the spa-
tially explicit values uniformly over the six ModelE soil
layers as they correspond to either the respective “top” or
“profile” thicknesses. These aggregated SHP layers are
then read in as an input file for ModelE simulations.

c. Experimental design

In addition to the NoLU and 2010LU scenarios, we also
construct a sensitivity test reducing NoLU SOC uniformly by
30% (OCC reduced by 0.66 weight %) (Table 1) across all ag-
ricultural grid cells and at depth. This value represented the
spatial 95th percentile of losses for the 2010LU scenario rela-
tive to NoLU. We note it has also been estimated that many
key agricultural regions have lost ~30% (or more) of SOC to
date (Lal et al. 2015), and so this value may reflect a plausible
upper limit.

Figures 2 and 3 show how OCC and SHPs differ for the var-
ious scenarios. The 2010LU scenario shows key areas of OCC

loss, including across East Asia/China, western Europe, and
the northern U.S. Midwest, relative to NoLU (Fig. 2a). This
results in collocated declines in porosity, a measure of poten-
tial maximum soil water holding capacity, exceeding 5%
across these areas (Fig. 3a). Saturated hydraulic conductivity
also displays declines, particularly across these midlatitude
growing regions (Fig. 3c), and increases in matric potential
(Fig. A3), which may in theory contribute to plant water
stress. Per our experimental design of the 30ST scenario,
OCC losses (Fig. 2¢) and their effect on conductivity and soil
water holding capacity (Figs. 3b,d) are much more widespread
and severe.

We note, however, that our land surface and vegetation
model is run with prescribed leaf area indexes for all plant
functional types, and thus we do not expect vegetation in
these simulations to display large sensitivities to the possible
soil water changes shown here. We therefore hypothesize that
our implementation of soil carbon changes will primarily
impact soil water holding capacity and possibly infiltration
(and therefore runoff to an extent). Future work will include
explicitly coupled, dynamic vegetation—climate interactions to
better understand the impacts of such soil hydraulic changes
in a model environment.

The soil moisture results below are presented for the
vegetated soil fractions, as SOC stocks are dependent on
vegetation inputs, and we seek to evaluate the hydroclimate
responses across agricultural soils that are intended to sup-
port crop growth. Unless otherwise stated, all soil moisture
changes are shown to a 0.57 m depth as a z score, relative to
the mean and standard deviation of the NoLU integration
at each grid cell. More specifically, the z score is taken as
the difference between the 130-yr mean 2010LU or 30ST
soil moisture and the 130-yr mean NoLU soil moisture,
divided by the 130-yr NoLU standard deviation of soil
moisture. The differences in other hydrological variables
(e.g., runoff, precipitation) are similarly computed.

Significance testing was conducted using a Kolmogorov—
Smirnov (KS) test at the 0.05 level, unless otherwise stated.
We focus on the relative changes in the mean state between
the scenarios. To focus on the responses of human-managed
land systems, all maps are masked to exclude grid cells that
do not have crop or pasture areas based on a modern
(~2000s) land-use map.
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30ST - NoLU

Change in Saturated Hydraulic Conductivity (%)

FIG. 3. Change in porosity (% change) relative to NoLU for (a) 2010LU and (b) 30ST experiments. Change in satu-
rated hydraulic conductivity (%) from NoLU for (c) 2010LU and (d) 30ST experiments. All maps are masked for

modern (2000s) crop and pasture areas.

3. Results

a. Global climatological soil moisture responses to
reduced soil organic carbon contents

In the 2010LU scenarios (Figs. 4a,b), losses of organic
carbon cause significant soil moisture losses of ~0.5 standard
deviations or more in eastern China, parts of the Arabian
Peninsula, western Europe, eastern North America, southern
Africa, and northeastern Australia, with more localized nega-
tive anomalies elsewhere (southern South America). Soil
moisture increases in some parts of the midlatitudes in the
Northern Hemisphere, especially in central Asia/Russia.
These responses, while somewhat influenced by underlying
soil organic carbon changes, may be more dependent on the
resulting regional circulation and precipitation changes. As
expected, soil moisture declines are much more widespread
in the more extreme 30ST experiment (Figs. 4b,d), where
soil organic carbon stocks are reduced by 30% everywhere.
Some of the strongest soil moisture losses under 30ST con-
ditions appear in tropical forest regions, over the larger
Tibetan Plateau, and at higher latitudes in Europe and
North America. Overall, there is little seasonal variation in
these anomalies for both scenarios.

Figure 5 shows that greater OCC reductions generally
cause larger soil moisture declines. Furthermore, the few grid
cells with OCC increases under 2010LU conditions also show
small enhancements in soil moisture (Fig. Sa), grid cells
mostly in the Northern Hemisphere midlatitudes in central

North America and central Asia. Precipitation changes do not
display a clear relationship to soil carbon under 2010LU con-
ditions. While more grid cells of soil moisture decline are as-
sociated with modest precipitation declines (Fig. 5a) these
variables are not very strongly associated. In other words, for
many grid cells plotted across both scenarios in Fig. 5, soil
moisture increases with organic carbon even while the level of
precipitation change remains constant. This suggests that the
soil moisture declines shown are primarily mediated through
organic carbon impacts on soil hydraulic properties in these
experiments instead of feedbacks to the atmosphere that re-
sult in mean changes in precipitation per grid cell. The OCC
change impact on soil moisture is even more clearly demon-
strated under 30ST conditions, in which all shown grid cells
have lost soil carbon and the resulting OCC changes are of
higher magnitude (Fig. 5b). We note that grid cells showing
the largest soil moisture and OCC declines are not necessarily
associated with the largest mean precipitation declines (and
indeed many of these highest-loss grid cells are associated
with slight increases in seasonal precipitation) (Fig. 5b).

In areas where soil moisture is most strongly impacted by
30ST OCC changes (Figs. 4b,d), precipitation does not gener-
ally display widespread strong or even significant responses
(Figs. 6a,d) in either season. One exception to this occurs in
northeastern Australia, where modest and significant precipi-
tation declines are shown in April-September and do overlap
with areas of OCC and soil moisture losses. Precipitation ac-
tually increases slightly in southern Africa April-September
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FIG. 4. Soil moisture (130-yr) climatological anomalies (z score) relative to the NoLU experiment for the

(a) 2010LU experiment, April-September; (b) 30ST experiment, April-September; (c) 2010LU experiment, October—
March; (d) 30ST experiment, October—March. Stippled areas are not statistically significant.

(Fig. 6a), and while soil moisture increases slightly in the
same season (Fig. 4b), so does runoff and runoff efficiency
(i-e., total runoff divided by precipitation) (Figs. 6b.c). Varied
precipitation responses are shown across the Arabian Peninsula
and northern South Asia. However, these are not highly sig-
nificant likely owing to the arid and semiarid conditions
where small absolute increases can result in large relative
change. In the western United States and northern regions of

China and East Asia, runoff displays small but significant
increases in both seasons (Figs. 5b,c and 5Se.f), indicating
reduced infiltration that leads to declines in soil moisture
(Figs. 4b,d). However, in other regions of significant soil mois-
ture declines (Figs. 4b,d), there are few significant responses
in runoff and runoff efficiency, suggesting small to negligible
changes in infiltration. Soil moisture declines in the 30ST sce-
nario in these regions are thus primarily related to reductions

Soil Moisture Change per Precipitation and OCC Change
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FIG. 5. Mean soil moisture change (z score on color bar) vs mean model-simulated precipitation change (%, y axis)
vs organic carbon content change (percentage points, x axis) for (a) 2010LU minus NoLU and (b) 30ST minus NoLU.
Only significant soil moisture anomalies (per grid cell) are plotted across both the Northern and Southern Hemi-
spheres for their respective growing seasons.
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FIG. 6. Model-simulated changes due to the 30ST experiment (relative to the NoLU experiment) during April-September for (a) pre-
cipitation (%), (b) surface + below-ground runoff (%), and (c) runoff efficiency (runoff divided by precipitation) (%). (d)—(f) As in
(a)—(c), but for October-March. Stippled areas are not statistically significant.

in soils’ total water holding capacity (e.g., porosity) resulting monthly and seasonal persistence of soil moisture declines,
from changes in organic carbon. both globally and in key areas of largest organic carbon
changes (Fig. 7). Soil moisture declines resulting from changes
in OCC between the experiments are also consistent across

simulated years (Fig. 7a) and across the seasonal cycle in
Further support for the primary role of reduced water hold-  nearly all impacted regions (Figs. 7b-f). Even the relatively

ing capacity in these experimental results is indicated in the modest OCC declines in 2010LU (Fig. 2b) result in a

b. Regional climatological soil moisture responses to
reduced soil organic carbon contents
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FIG. 7. (a) Boxplot distributions of annual soil moisture (m* m~?) to 57 cm depth, averaged for all land grid cells across 130 simulated
years. Black asterisks denote a statistically significant difference from the NoLU case. Also shown is monthly soil moisture (mm) down to
57 cm for all three experiments for (b) eastern China, (c) northeastern Australia, (d) the northeastern United States, (¢) northern Europe,
and (f) the Iberian Peninsula. Black, red, and blue lines depict the NoLU, 2010LU, and 30ST experiments, respectively. Pink and green

stars denote significant changes for the month indicated from NoLU for 30ST and 2010LU, respectively. Red boxes on maps in inset de-
note regional averages taken for line plots in (b)—(f).
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significantly different and drier soil moisture distribution
across all simulated years, although the central changes are
quite small and within a few percent. As expected, the 30ST
experiment further reduces soil moisture across all years
(Fig. 7a), resulting in mean (and even relatively “wet”) condi-
tions that are well below even the driest soil moisture years
under NoLU conditions. When isolating those regions most
heavily impacted by OCC changes (Figs. 7b—f insets), we see
that soil moisture declines in 2010LU and 30ST are consistent
across all months in the annual cycle, and not necessarily
dominated by any one month or season. These persistent
reductions in monthly soil moisture occur regardless of back-
ground regional climate conditions, for example, the relatively
humid conditions prevailing in northern Europe, the north-
eastern United States, northeastern Australia, and eastern
China or the semiarid and seasonally arid conditions sur-
rounding the Iberian Peninsula.

4. Discussion

Most agricultural soils are degraded to some extent,
marked in particular by a loss of organic carbon (FAO 2021;
Sanderman et al. 2017). Recent work has evaluated changes
to soil carbon stocks in global climate model experiments,
particularly to serve climate change mitigation (Ito et al.
2020). However, less attention has been given to the role of
soil carbon in water cycling and regional hydroclimate change,
which may be relevant for climate change adaptation (lizumi
and Wagai 2019). Our experiments showed that reduced soil
organic carbon content across many key agricultural areas af-
fect hydraulic parameters in ways that reduce overall soil
moisture relative to NoLU conditions. In some areas, even
small reductions in OCC (on the order of 0.5-1 weight % in
the 2010LU case, see brown colors in Fig. 2b), can translate
into declines in soil moisture of up to ~1 standard deviation of
the reference NoLU soil moisture (brown colors in Figs. 4a.c).
A 30% reduction in SOC stocks, within the estimated 25%-75%
SOC losses characterizing most agricultural soils (Lal 2015; Lal
et al. 2015; Lajtha et al. 2018), result in even larger soil moisture
losses (brown colors in Figs. 4b,d) that are on par with recent
(2000-20) dry climate anomalies in the American Southwest, in
which soil moisture changes range from —0.77 to —2.6 standard
deviations (in 2002 specifically) (Williams et al. 2020; Cook et al.
2021).

To our knowledge, these experiments are the first to ex-
plore the hydroclimate impacts of soil organic carbon on a
global scale with a coupled (land—atmosphere) climate model
that captures long-term climate variability. The soil moisture
losses produced in both experiments are related to reductions
in porosity, and to a lesser extent infiltration, which reduce
water holding capacity. These results also imply that rebuilding
soil organic carbon through improved management on agricul-
tural lands has the potential to improve soil water holding
capacity in agricultural lands, which may “buffer” against sud-
den droughts and dry weather anomalies (Abdallah et al. 2021;
Steward et al. 2019). The future efficacy of these effects, how-
ever, will also depend on the coevolution of precipitation
anomalies under climate change and interactions with natural
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climate variability, which in more water-limited areas could re-
sult in dry climate anomalies that extend for long periods,
thereby limiting overall water supply.

However, in our experiments reduced soil water holding
capacity does not necessarily lead to higher vegetation
drought stress. This is partly because these reductions in soil
water holding—or buffering—capacity are relatively small
(albeit significant), and our simplified experimental design
does not allow for much change in precipitation (see distribu-
tion across y axis in Fig. 5) and evapotranspiration (ET; due
to the prescribed vegetation structure). Soil water pools tem-
porarily store water, which is eventually “used” by soil surface
evaporation, plant transpiration, and runoff. When normally
saturated, a soil’s water holding capacity can change the allo-
cation between runoff and ET. However, most agricultural
lands are not constantly at saturation. Thus, even though the
size of the soil water buffer changes under our SOC sensitivity
scenarios, the overall precipitation and total ecosystem buffer
(i.e., total water stored between the soils and intercepted can-
opy water) is still enough to broadly maintain runoff rates
within the variability NoLU runoff, with some isolated areas
of significant runoff and/or runoff efficiency increases (green
colors Figs. 6b,c.e.f).

Nevertheless, we emphasize that these experiments are sim-
plified sensitivity tests. Future work is needed using dynamic
vegetation, that is, where canopy development is allowed to
interact more fully with environmental conditions, and to ex-
plore the impacts of SOC changes under a variety of climate
anomalies (e.g., dry, hot, and wet), rather than climatological
differences alone. Such experiments will likely produce differ-
ent responses across the surface water balance terms, includ-
ing possible areas of enhanced vegetation drought stress. For
example, sudden dry climate anomalies, particularly where
annual crops are planted, may result in feedbacks that further
reduce soil water and/or inhibit plant growth. Stomatal
closure, on the other hand, particularly under higher CO,
concentrations (Swann 2018), may partially compensate for soil
water declines that result from reduced OCC. Myriad other
interactions, including irrigation and crop management, may fur-
ther complicate the above vegetation—climate processes.

Future model experiments should also assess sensitivities
of key hydraulic parameters, and resulting hydroclimate
responses, to the choice of PTFs, which are highly parameter-
ized and have limits to their applicability depending upon the
region/locale and soil type (Montzka et al. 2017). Many PTFs
exist for different soils, regions, and spatial scales. We lever-
aged the PTFs detailed within De Lannoy et al. (2014) pri-
marily for their implementation over larger scales and their
applicability for relatively low levels of OCC (i.e., lower than
organic soils), which characterize most agricultural soils.
However, we note that choosing the appropriate PTFs for the
scales under consideration (e.g., in this case global climate
model grids on the order of 100 km) is not straightforward
and highly uncertain (Montzka et al. 2017; Minasny et al.
2017; Minasny and McBratney 2018). Recent work, for exam-
ple, by Montzka et al. (2017), do nevertheless present new
scaling approaches specific to individual model grids that
better captures subgrid variability of soil water retention and
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Table 1. Derivation of the Soil Bulk Density p,*

SHP Units PTF
033, m*/m? = —0.251 X sand_f + 0.195 X clay_f + 0.011 X OM + 0.006 X sand_f X OM — 0.027 X clay_f X OM +
0.452 x sand_f X clay_f + 0.299
033 m’/m’ = 033, +(1.283 X 0332 — 0.374 X 033, — 0.015)
Been m*/m? =0.278 X sand_f + 0.034 X clay_f+ 0,022 X OM — 0.018 X sand_f X OM — 0.027 X clay_f X OM — 0.584 X

sand_f X clay_f + 0.078
033 m?/m? = 0533y + (0.6360 X 033, — 0.107)
0; m*/m? = 033 + O(s.33 — 0.097 X sand_f + 0.043
Po g/em? = (1 = 0;/0.93) pin/[1 + (OM/100) (pmin/pom — 1)] (equation (5))

°The bold symbols in the left column indicate the final variables, whereas all other variables are auxiliary. The initial estimate of the
soil moisture at saturation (f;) uses Saxton and Rawls [2006] PTFs, with sand_f, silt_f, clay_f in weight fractions and OM in weight%. This
auxiliary variable 0; is used to estimate py,. The auxiliary variable 033 is the solution for moisture at a tension of —33 kPa (03, is a tempo-
rary first solution), 0 33 is the solution for moisture at a tension between saturation and —33 kPa (0533 is a temporary first solution).

Table 2. Derivation of SHP Using Wosten et al. [1999, 2001a] PTFs With Sand, Silt, Clay, and OM in Weight% and py, in g/cm™
SHP Units PTF

= 0.7919 + 0.001691 X clay — 0.29619 X py, — 0.000001491 X silt” + 0,0000821 x OM? + 0.02427 X clay '+ 001113 X silt " + 0.01472 X In(silt)
0.0000733 x OM X clay — 0.000619 X py, X clay — 0.001183 X py, X OM — 0.0001664 topsoil X silt
- = —14.96 + 003135 X clay + 0.0351 X silt + 0.646 X OM + 1529 X py, — 0.192 X topsoil — 4671 X p,> — 0.000781 X clay’ — 0.00687 X OM* +
0.0449 X OM ™" + 0.0663 X In(silt) + 0.1482 X In{OM) — 0.04546 X py, X silt — 0.4852 X p,, X OM + 0.00673 X topsoil X clay
n* = —25.23 - 002195 X clay + 0.0074 X silt — 0.1940 X OM + 45.5 X py, — 7.24 X p;,? + 0.0003658 X clay” + 0.002885 X OM? — 12.81 X py,
—0.1524 X silt ™' — 0.01958 X OM ™" — 0.2876 X In(silt) — 0.0709 X In(OM) — 44.6 X In{py,) — 0.02264 X pj, X clay + 0.0896 X py, X OM +

o0, m*/m?

0.00718 X topsoil X clay

K = 7.755 +0.0352 X silt + 0.93 X topsoil — 0.967 X py?
Infsilt)

3 1/m = exp(z*)

n = exp(n®) + 1

K, m/s = 0.01 exp(K,*)/(3600 x 24)

b =1/n—1)

Uy mH,0 = —0.01/z

0.000484 X clay?
0.01398 X py, X clay — 0.1673 X p X OM + 0.02986 X topsoil X clay — 0.03305 X topsoil X silt

0.000322  silt? + 0.001 X silt ™' — 0.0748 X OM ™' — 0.643 X

*Use topsoil=1 to obtain SHPs for the (0-30 cm) surface layer and topsoil =0 to obtain SHPs for the (30-100 cm) subsurface layer. The bold symbols in the left column indicate final
Campbell [1974] SHP values, whereas all other variables are temporary in the calculation of the SHP. The van Genuchten [1980] parameters are fl, x, n, and K,; the Campbell [1974]

parameters are 0, i, b, and K,.

FIG. Al. Tables of relations used in our calculations of soil SHPs, taken/reprinted from De Lannoy et al. (2014), which
were in turn based on van Genuchten (1980) and Campbell (1974).

conductivity curves. Such methods should be employed in fu-
ture GCM experiments like ours, alongside systematic sensi-
tivity testing of different PTFs. Ideally, this would be done
with a higher-resolution climate model, as the coarseness of
our 2° X 2.5° experiments limits capturing detailed soil attri-
bute information and thus important regional heterogeneity
in soil water responses.

There also exist large uncertainties and gaps in the soil data
required for such experiments that, if not easily reduced, must
be assessed and quantified. For example, feedbacks exist be-
tween SOC and soil bulk density, which were not explicitly
captured in the methods we use here. Namely, a loss of SOC
can increase the bulk density, which further limits soil water
holding capacity (e.g., by reducing porosity). In comparing
the bulk density we calculated for 2010LU conditions to the
bulk density computed by De Lannoy et al. (2014) (using the
PTFs they provide, Fig. Al; our difference shown in Fig. A2),
we find that we underestimate the bulk density across most
global areas, leading potentially to a slightly more conservative
estimate of the impact on soil water. Improved methods to ob-
tain corresponding bulk densities with OCC scenarios are, nev-
ertheless, needed. Beyond the bulk densities, there are also
large differences in SOC and soil texture data between different
global soil data products, particularly at higher latitudes and
over relatively carbon-rich soils (which were not the primary fo-
cus on this study, but for which new data are becoming increas-
ingly available) (Tifafi et al. 2018; Xu et al. 2017).

Our study leveraged the SOC scenarios of Sanderman et al.
(2017) that consider the effects of anthropogenic land use.
However, our model implementation is not dependent on
these data, and comparing land water balance results and un-
certainty across other and soil data and scenarios, both global
and regional, is warranted. As a longer-term model develop-
ment goal, simulated soil water may also be made to depend
on prognostically produced soil carbon fields from coupled,
dynamic land biogeochemistry models, which are rapidly in-
creasing in capacity and being applied to studies of future cli-
mate change mitigation.

Last, we note that soil water retention is not just a function
of SOC (i.e., organic matter in various stages of decomposi-
tion), but also of other biological material in soils (e.g., cover
crops with live roots and soil macrofauna) and management
decisions impacting them (Michler et al. 2019; Steward et al.
2019). For example, Franzluebbers (2002) demonstrated that
an increase in infiltration in long-term no-till fields (compared
to conventional tillage) was primarily driven by the decrease
in bulk density associated with the lack of soil disturbance
(i.e., recovery from compaction), not the increase in SOC in
the soil surface horizon. Our results suggest that restoring
SOC alone, particularly where losses approximate our 30ST
experiment, can increase infiltration rate through changes in
bulk density and aggregation and can therefore serve as a tar-
geted management goal. Additionally, there exist a variety of
management practices that both build SOC and significantly
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F1G. A2. Difference in bulk density for the top 30 cm of soil column taken as SoilGrids minus
De Lannoy et al. (2014). Both bulk densities were computed using the PTFs described in
De Lannoy et al.’s (2014) Table 1 (see Fig. A1 above) and featured in step 2 of our methods in
section 2b but used different input textural and organic carbon datasets. Data are presented at
5 arc min resolution, which is the resolution of the SoilGrids provided textures and Sanderman

et al. (2017) SOC scenarios.

impact soil water properties, and these may warrant representa-
tion in large-scale, process-based modeling of regional hydrocli-
mates, particularly agricultural regions, and their responses to
drought.

5. Conclusions

We used the NASA GISS ModelE global climate model to
conduct a set of novel sensitivity tests evaluating hydroclimate
responses to soil degradation, represented by scenarios of soil
organic carbon changes across managed soils. We found that
reductions in soil organic carbon reduced porosity across
managed lands, leading to significant soil moisture reductions
at regional scales. These losses in soil moisture were amplified
under higher levels of SOC loss. Our experiments did not test
the impact of dynamic vegetation in response to the reduced
soil water holding capacity, but such work is critical to evalu-
ate the full impact and importance of soil carbon in agroeco-
system water cycling at global and regional scales and under
climate change. Ultimately, improving the linkages between
climate-model-simulated biogeophysical responses (e.g., in
hydroclimate) to biogeochemical processes (e.g., vegetation
and soil organic carbon) is an important forefront of land sur-
face modeling, particularly where and when agricultural land
management is a focus. This model development need be-
comes even more salient when considering the proliferation
of recent calls motivating SOC restoration on agricultural
soils for climate mitigation and adaptation goals (Amelung
et al. 2020). The latter is related not just to improved nutrient
cycling but also water provisioning, particularly in times of
drought, which stand to increase even under modest climate

change trajectories (Cook et al. 2021, 2020). This study dem-
onstrates a novel application of SOC-soil water linkages for
climate model simulations, with significant effects, that war-
rants both further development and inclusion in land-use and
land-cover change modeling experiments.
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APPENDIX

Additional Methodological Details and Description of
the Land Module within ModelE

Underground runoff is computed per soil layer using the
formulations of Abramopoulos et al. (1988), and depends
on the 1) hydraulic conductivity, 2) average slope of a grid
cell, and 3) average distance between sinks that can remove
subsurface flow from the grid cell. We defined a threshold
of rainfall rate (0.22d — 5 m s~ ') for different patterns of
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FIG. A3. Percent changes in matric potential (m H,O) under (a) 2010LU conditions (relative to NoLU) and (b) for
30ST minus NoLU.

surface runoff generation. When rainfall rate is below this
threshold, runoff happens only when the first soil layer is
saturated and the percolation rate is lower than rainfall
rate. When rainfall rate is above threshold, surface runoff
occurs even if the first soil layer is not saturated.

Latent heat fluxes from the surface are separated between
the vegetated and nonvegetated portions of each grid cell.
For vegetated grid cell fractions, the evapotranspiration
term is the sum of four components: transpiration, canopy
evaporation from leaf surfaces, soil evaporation, and snow
sublimation. Transpiration follows an aerodynamic formula-
tion specified in Hansen et al. (1983) and Rosenzweig and
Abramopoulos (1997), which is dependent on canopy con-
ductance, atmospheric conductance, and the saturated and
unsaturated air humidity. For soil evaporation under the
canopy, a modification is made to the turbulent transfer coeffi-
cient to account for wind-leaf interactions. For the bare soil
fraction of the grid cell, evaporation occurs as the minimum of
the Penman potential evaporation or Gardner-Hillel diffusivity
(Abramopoulos et al. 1988). Canopy evaporation is assumed
to occur at the potential rate.

For our soil parameterization, we include here changes
in additional key saturated hydraulic parameters resulting
from our SOC scenarios, namely: matric potential, conduc-
tivity, and the b parameter. These were calculated based on
the SOC maps described in the methods section (section 2)
in the main manuscript (converted first to OCC and then to
organic matter content using a scaling factor of 1.72) and
the pedotransfer functions per De Lannoy et al. (2014) [see
Fig. A1, shown here as adaptations of Tables 1 and 2 in De
Lannoy et al. (2014)]. These saturated hydraulic parameters
were then used in the model to compute the time-varying
hydraulic parameters following the Campbell (1974) consti-
tutive relationships relating soil moisture content () to ma-
tric potential () and hydraulic conductivity (K), that is,

P, = (6/6,)" and
K=K (6/6)"".

Figure Al, adapted from De Lannoy et al (2014), details
the pedotransfer functions implemented in ModelE in order

to obtain the saturated values of key hydraulic parameters:
porosity, saturated hydraulic conductivity, and matric poten-
tial in addition to the intermediate values for soil bulk den-
sity used in the calculations (see methods in section 2 in the
main manuscript).

Figure A2 shows that our computed bulk densities (as de-
tailed in the methods in section 2 in the main manuscript)
are largely lower than that of De Lannoy et al. (2014). We
therefore interpret this to mean that we are taking a con-
servative approach, with likely underestimates of the impact
of SOC losses across the growing regions that we highlight
(see discussion in section 4 in the main manuscript).

Figure A3 shows increases in matric potential between
our scenarios of reduced SOC and the NoLU scenario. This
is consistent with the changes in saturated hydraulic varia-
bles shown in Fig. 2 in the main manuscript, and overall
indicate potential losses in soil water and more challenging
conditions for plant water uptake.
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