
1. Introduction
Global soil moisture retrievals from microwave satellites are now widely used across the Earth science commu-
nity to study various topics related to the global climate system and its water, carbon, and energy cycles. While 
soil moisture in the unsaturated zone stores only 0.005% of Earth's water by volume (Bras, 1990), its position 
at the interface of the land and the atmosphere is of high value for understanding these global cycles (Koster & 
Suarez, 2001; McColl et al., 2017). As such, satellite-based soil moisture estimates are increasingly being used in 
studies of land-atmosphere interactions, numerical weather prediction, plant function and stress, and land surface 
response to climate change (Akbar et al., 2020; Dong et al., 2020; Feldman, Akbar, & Entekhabi, 2018; Feldman 
et al., 2022; Konings et al., 2017; Purdy et al., 2018; Santanello et al., 2019; Short Gianotti et al., 2020; Taylor 
et al., 2012; Tuttle & Salvucci, 2016).

However, there is now a frequently expressed viewpoint that microwave satellite soil moisture products are of 
limited use for studying vegetated landscapes because they sense only a superficial fraction of the rootzone. 
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measurements carry information about soil moisture extending below the commonly referenced 5 cm in many 
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reviewing isotopic tracer field studies of plant water uptake, we find a prevalence of vegetation that primarily 
draws moisture from these upper soil layers. This is especially true for grasslands and croplands covering more 
than a third of global vegetated surfaces. Even some deeper-rooted species (i.e., shrubs and trees) preferentially 
or seasonally draw water from the upper soil layers. Therefore, L-band satellite soil moisture estimates are more 
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processes like soil evaporation). Our commentary encourages the application of satellite soil moisture across 
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effective depth of representation.
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Across global studies using satellite-derived soil moisture, there is widespread, explicit mention of this limita-
tion (Bassiouni et al., 2020; Denissen et al., 2020; Ford et al., 2014; Peng et al., 2017, 2021; Qiu et al., 2014; 
Sehgal et al., 2021). Some studies use this limitation as the basis for using modeled rootzone soil moisture data 
sets instead of satellite observations for land surface studies (Farahmand et al., 2021; Koster et al., 2019; Liu 
et al., 2020) or alternatively estimating a rootzone soil moisture (Calvet & Noilhan, 2000; Ford et al., 2014; Li 
et al., 2010; Scott et al., 2003). Others are less explicit, but may have similar reasoning for avoiding use of satellite 
soil moisture and favoring precipitation-based wetness indices or rootzone moisture products from model reanal-
ysis (Li et al., 2021; Mueller & Seneviratne, 2012; Zhou et al., 2021).

A major contributor to this viewpoint is the history of the microwave remote sensing community generally offer-
ing a simplified view of a single, shallow observing depth of satellite-based retrievals. Modeling and field studies 
have characterized microwave emission profiles that are a function mainly of soil moisture (Shen et al., 2021; 
Tsang et al., 1975; Ulaby & Long, 2014), but the emission profiles are commonly simplified to single, conserva-
tive support scale values (see, e.g., Wilheit, 1978). Reflecting this, the Soil Moisture Active Passive (SMAP) and 
Soil Moisture and Ocean Salinity (SMOS) L-band satellite missions are often described as producing estimates 
of soil moisture within the top 5 cm of soil (Entekhabi et al., 2010; Kerr et al., 2010). Similarly, the Advanced 
Microwave Scanning Radiometer (AMSR) satellite series and the Advanced Scatterometer (ASCAT) (at higher 
C-band and X-band frequencies) are thought to observe only the top 1–2 cm of soil (Njoku et al., 2003). Other 
contributors to this viewpoint include the prevalent use of the top-most in situ sensors for assessing satellite soil 
moisture products (Chan et al., 2016), and a simplified intuition that the maximum rooting depth defines the 
relevant water uptake profile (Nippert & Holdo, 2015).

According to this viewpoint, if roots supply plants from soil layers down to maximum rooting depths that are 
meters below the top 5 cm, then L-band satellite soil moisture estimates have little value for the global study of 
terrestrial water, carbon, and energy fluxes, given that these fluxes can rely heavily on plant use of soil moisture 
(Jasechko et  al.,  2013; Katul et  al.,  2012). If satellite soil moisture retrievals were to hold more information 
about the rootzone, they could be considered more desirable than reanalysis products for some observation-based 
land-atmosphere and ecological applications; they are observations independent of model-prescribed linkages 
with other land surface variables and provide direct information about plant water use and evapotranspiration 
(Dong & Crow, 2019).

In fact, current evidence from soil moisture vertical coupling studies as well as microwave emission modeling 
and field experiments suggests that L-band satellite retrievals often represent soil moisture below the shallow 
(0–5 cm) surface soil layer. Under drier soil conditions, microwave emission models and field measurements 
show that microwave emission originates from layers below a depth of 5 cm (Liu et al., 2016; Lv et al., 2018; 
Moghaddam et al., 2000; Ulaby & Long, 2014). Under wetter soil conditions, studies show surface and rootzone 
moisture dynamics are often hydraulically connected and correlated despite soil evaporation acting to decouple 
these layers (Akbar et al., 2018; Ford et al., 2014; Qiu et al., 2014). This is because rootzone moisture is driven 
by surface forcing and has strong spatiotemporal memory resulting in similar soil moisture dynamics in the 
upper surface and deeper soil layers (though these conditions are reduced in dry climates with strong seasonal 
drying and consequent decoupling of upper and deeper soil layers) (Albergel et al., 2008; Crow et al., 2017; 
McColl et al., 2017). As a result, the effective vertical depth of representation, or support scale, of L-band satel-
lite soil moisture retrievals have been shown to be deeper than 5 cm for wetter, coupled soil conditions (Akbar 
et al., 2018; Short Gianotti et al., 2019).

Furthermore, part of the argument to reject use of satellite soil moisture is an emphasis on the fact that maximum 
rooting depths can extend plant water uptake meters into the soil (Nepstad et al., 1994). However, this notion 
neglects the fact that active water uptake is rarely uniform across the rooting profile (Nippert & Holdo, 2015). 
Specifically, global observations and optimally modeled rooting profiles indicate that a large proportion of plants 
preferentially draw water from the upper soil layers to take advantage of these layers' pulse water and nutrient 
availability (Collins & Bras, 2007; Jackson et al., 1996; Nippert & Holdo, 2015). As such, not only soil evap-
oration, but also root water uptake can conceivably influence these upper soil layer moisture dynamics. Even 
for deeper-rooted vegetation, high sensitivity to upper layer soil moisture is also found based on findings of 
decreasing rooting biomass and root hydraulic conductance with depth (Nippert et al., 2012; Werner et al., 2021). 
Therefore, to learn about nominal plant water use and evapotranspiration, rootzone soil moisture products may 
not always need to integrate moisture dynamics down to the maximum rooting depth.
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Here, we ask: do L-band microwave remote sensing products only represent soil moisture in the top 0–5 cm? Can 
L-band satellite soil moisture retrievals be useful for studying plant water use and, if so, under what conditions? 
In this commentary, we provide a novel synthesis of results from microwave remote sensing, soil hydrology, 
and plant water isotopic tracer studies to illustrate that satellite soil moisture observations are more useful than 
commonly believed for studying global vegetated surfaces.

2. Satellite Soil Moisture's Effective Depth of Representation
The true vertical support, or effective depth of representation, of remote sensing-based soil moisture retrievals is 
dependent on both (a) the microwave emission properties of the soil column and (b) the vertical autocorrelation 
of typical soil moisture profiles and their dynamics (Njoku & Entekhabi, 1996; Short Gianotti et al., 2019). Both 
principles typically result in the remote sensing signal being representative of a soil moisture profile that decays 
with depth (e.g., exponential distribution). Therefore, reported single depth values are length scales, or the depth 
at which the satellite signal holds a portion (e.g., 63% for e-folding scales) of soil moisture information from the 
sensed profile with some information coming from deeper layers. Furthermore, these principles trade off in domi-
nance from dry to wet conditions (Figure 1). Ultimately, we argue here that evidence for both principles result 
in effective L-band depths of representation deeper than 5 cm across many conditions. Additionally, reported 
depths at a single value (e.g., 5 cm) are not a limit, but rather length scales describing a profile of soil moisture 
representation that continues below the reported value. A more quantitative discussion of satellite soil moisture 
depths of representation is provided in Sections 2.1 and 2.2.

For drier soils, L-band satellites typically directly detect soil moisture in a deeper soil column because microwave 
emission originates from deeper soil layers than for wetter soils (Figure 1). Specifically, modeling microwave 
emission from a soil layer that is assumed to be a homogenous, dielectric medium with uniform moisture and 
temperature profiles reveals that soil emission depth increases with aridity and vertically decays approximately 
exponentially (Njoku & Entekhabi, 1996; Njoku & Kong, 1977). Therefore, despite drier periods resulting in 
less coupling between surface and deeper layer soil moisture (Figure 2), satellites should directly sample deeper 
into the soil column for drier soils, where the emission likely originates partly below a depth of 5 cm but can 
be hindered by fine soil texture and large soil scatterers. Microwave emission depth e-folding scales in Figure 1 

Figure 1. Effective depth of representation of microwave satellite soil moisture retrievals based on consideration of 
both microwave soil emission physics and vertical hydraulic connectivity of soil moisture. Satellite effective depths of 
representation of soil moisture likely extend deeper than 5 cm across many conditions at L-band. However, effective depths 
across space remain uncertain with current evidence discussed in Sections 2.1 and 2.2. Note that single value depths refer 
to a profile of soil moisture representation; as examples shown in this diagram, effective depths of representation (red/
blue shading) are e-folding scales determined from modeled microwave soil emission vertical distributions (red lines) 
and estimated soil moisture vertical correlation distributions (blue lines). Under drier conditions, microwave emission 
theoretically originates directly from deeper layers, while for wetter conditions, correlation length scale arguments only 
provide an effective representation of deeper soil layers. The diagram can scale depending on the frequency across low 
frequency microwaves. For equation details, see Appendix A. The displayed root profile image was adapted with permission 
from Nippert and Holdo (2015). It has a commonly observed vertical structure of decreasing root biomass with depth. 
However, note that the length scale of this root density decay will vary globally.
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are computed based on a soil emission model (Equation A1, which is from Njoku and Entekhabi (1996)). See 
Section 2.1 for a more quantitative discussion.

For wetter soils, despite shallower soil emission depths from an electromagnetic perspective, surface soil mois-
ture has a greater hydraulic connectivity with deeper soil layers (Figures 1 and 2). This is because soil moisture 
is a storage variable with strong spatiotemporal memory (McColl et al., 2017). This memory results in daily soil 
moisture variations at a 5 cm depth (the emission depth under wetter conditions) correlating with deeper soil 
moisture variations. Such vertical autocorrelation information decays approximately exponentially with depth 
(Figure  1). E-folding vertical correlation length scales reported in Figure  1 are global remote sensing-based 
vertical length scales estimated using Equation A2 in Short Gianotti et al. (2019). See Section 2.2 for a more 
quantitative discussion.

Combining these electromagnetic and statistical considerations suggests that, across soil moisture conditions, 
L-band satellite soil moisture retrievals effectively carry information about soil moisture dynamics deeper than 
5 cm depending on the subsurface conditions (Figure 1). This deeper effective depth of representation results 
from electromagnetic and statistical considerations of satellite-based soil moisture trading off in their domi-

Figure 2. Vertical correlations from in situ U.S. Climate Reference Network (USCRN) measurements support that soil 
moisture in the upper 5 cm layers holds information about variations in rootzone soil layers under wetter soil moisture 
conditions. Soil moisture daily anomaly correlations between 5 cm sensor measurement depth and soil depths of (a) 10 cm, 
(b) 20 cm, (c) 50 cm, and (d) 100 cm using USCRN soil moisture (Bell et al., 2013). (e) Spatial distributions of anomaly 
correlations from (a) to (d) panels with USCRN sites binned as a function of the sites' mean annual soil moisture.
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nance of vertical soil representation from dry to wet conditions. In principle, the combined support scale of 
the satellite-based soil moisture dynamics is at least the deeper of the two considerations, and we urge future 
work to estimate holistic effective depths of representation across the globe. Deeper layers well below 5 cm are 
often still integrated but contribute progressively (i.e., exponentially) less to the effective satellite soil moisture 
signal with depth (Figures 1 and 2). By contrast, reanalysis rootzone moisture products often assess the uniform, 
column-averaged soil moisture typically between 0 and 100 cm and/or discretized portions of this range.

The modifier “effective” is used to describe the depth of representation here because both direct and indirect 
sensing contributes to the estimated depth of representation. In the case of drier soils, the microwave emission 
typically originates from layers deeper than 5 cm (see Section 2.1), which would provide direct observation of the 
magnitude and time variations of deeper layer soil moisture. However, in wetter conditions, only the soil moisture 
magnitude and variations in the upper soil layers, likely shallower than 5 cm, are directly observed by L-band 
satellite sensors. Nevertheless, the typically high hydraulic connectivity between shallow and deeper layers in 
these wetter conditions at daily to weekly timescales allows indirect observation of the soil moisture magnitude 
and variations in the deeper layers. As such, the vertical depth of representation is indirect and more “effective” 
when using statistical arguments in wetter conditions.

2.1. Depths of Representation Under Drier Conditions

Microwave emission depth scales theoretically increase with drying soil (Burke et al., 1979; Ulaby & Long, 2014). 
However, estimates of emission depths under dry conditions as a function of soil texture remain uncertain with 
differences between model and experimental evidence. Ultimately, based on current evidence, we expect that the 
mean emission depth scales under dry soils are deeper than 5 cm under many conditions, and likely between the 
shallower experimentally determined values and deeper model-based values. Furthermore, given that microwave 
emission is based on an emission profile (not a uniform profile with a cutoff), some emission will originate from 
below the reported length scale values here (see profiles in Figure 1).

Under dry soils, microwave emission models produce e-folding depth of representation scales deeper than 5 cm, 
with estimates below 30 cm for the driest soils. This result holds for a wide range of clay fraction values (Figure 1 
shows case of 20% clay fraction), with soil texture only minimally impacting emission depth (Shen et al., 2021). 
Furthermore, emission depth magnitudes from several different emission and dielectric models tend to agree with 
that of Equation A1 (Fluhrer et al., 2022; Lv et al., 2018; Njoku & Entekhabi, 1996).

However, these model-based emission depth estimates are likely upper bounds. In assuming homogenous media 
without an air-soil boundary, these emission models will underestimate scattering effects (Zwieback et al., 2015). 
Specifically, scattering due to the air-soil boundary and scattering from subsurface features at the scale of the 
microwave wavelength within the medium will reduce the emission depth (Newton et al., 1982). Formation of 
biocrusts, prevalent in global drylands (Phillips et al., 2022), and near-surface debris may also create scattering 
effects that will limit emission depths. These models also assume uniform soil moisture and temperature with 
depth. However, since soil commonly dries at the surface first, emission will only originate from the dry upper 
layers and little from below the transition to wet layers (Shen et al., 2021).

Experimental studies suggest emission from deeper than 5 cm in dry conditions, but results are variable without 
well-known dependencies. Some studies find emission depths of 5–10 cm under drier soils, and potentially closer 
to 5 cm for soil with high clay content (Lv et al., 2018; Owe & Van De Griend, 1998; Rao et al., 1988). Another 
finds deeper soil moisture representation of near 100 cm (Moghaddam et al., 2000), though this may be due to 
reduced scattering in more uniform sand (Mätzler,  1998). Others suggest these emission depths may still be 
within the top 5 cm for dry soils similarly to wetter soils (Escorihuela et al., 2010; Newton et al., 1982).

However, there are confounding factors in these experimental studies that likely cause underestimations of dry 
soil sensing depths. Many field studies that suggest emission is from shallower than 5 cm across conditions draw 
conclusions using a wide range of soil moisture values (Escorihuela et al., 2010; Owe & Van De Griend, 1998; 
Shen et al., 2021). These procedures will likely underestimate the dry soil emission depth by including wet soils 
conditions. Additionally, some studies draw conclusions about shallow emission depths without measuring soil 
moisture values below their depth estimate and/or without explicitly showing that the soil moisture values below 
their depth estimate contribute less to the signal (Escorihuela et al., 2010; Owe & Van De Griend, 1998). We 
argue that more targeted microwave experiments are needed to better estimate the dry soil emission depths glob-
ally and their dependencies (see recommendations in Section 5).
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2.2. Effective Depths of Representation Under Wetter Conditions

Under conditions ranging from moderately wet to very wet conditions, microwave field experiments tend to 
find a 5 cm emission depth as measured by L-band radiometers, suggesting that L-band satellites like SMAP 
and SMOS directly sense the first 5 cm of soil with a weaker contribution of emission from deeper than 5 cm 
(Jackson et al., 1984; Njoku & O’Neill, 1982; Wang, 1987). Some studies argue that L-band microwave emis-
sion may only observe soil moisture in the first 2 cm of the soil (Escorihuela et al., 2010; Schmugge, 1983; 
Wilheit, 1978). However, these findings of shallower emission may be under scenarios of high air-soil interface 
roughness (Newton et al., 1982). These results may also be uncertain due to interpretation of small correlation 
differences between soil moisture and brightness temperature in different soil layers.

Nevertheless, soil moisture in the top few centimeters is typically well-correlated with deeper layer soil moisture. 
Across wetter environments, in situ soil moisture sensors show high soil moisture anomaly correlations (>0.8) 
between 5 cm and depths of 10 and 20 cm (Figure 2). The correlation increases with higher mean soil moisture 
(Figure 2e) are consistent with the interpretation that the partially saturated soil hydraulic conductivity increases 
with moisture content and allows redistribution of soil moisture across the profile under matric and elevation 
head gradients. Consideration of lagged correlations does not change the correlations appreciably, meaning much 
of the subsurface coupling can be accounted for within daily dynamics. Using this concept, L-band satellite 
soil moisture retrievals have been previously used to globally estimate effective depths of representation, which 
tend to be deeper than 5 cm across wetter conditions, but only rarely more than 30 cm (Akbar et al., 2018; Short 
Gianotti et al., 2019). For deeper layers, these correlations can greatly decrease and even show anticorrelations 
between anomalies in shallower and deeper soil layers (Figure 2). More detailed study is needed to quantify 
effective length scales and how they vary with soil hydraulic conditions.

The vertically correlated nature of soil moisture under wetter conditions has emerged in previous work. Surface 
soil moisture has been shown to have similar information content as deeper layer soil moisture in explaining evap-
otranspiration fluxes and moisture thresholds between evaporative regimes (Dong et al., 2022; Qiu et al., 2016). 
Experimental microwave L-band field studies have found emission depths deeper than 5 cm under wetter condi-
tions, but this may have been due to soil moisture being correlated with depth (Macelloni et al., 2003; Pampaloni 
et al., 1990). Finally, L-band satellite soil moisture was useful as a direct representation of rootzone conditions 
deeper than 5 cm when modeling ecosystem carbon fluxes (Zhang et al., 2022).

C-band and X-band (6.9 and 10.7 GHz) depths of representation are shallower and potentially have less utility 
for our arguments (Owe & Van De Griend, 1998; Wilheit, 1978). Namely, these wavelengths are about 5 and 
8 times smaller than L-band, respectively, which in principle result in 5 and 8 times shallower soil emission 
depths (Equation A1) across moisture and texture conditions. However, similar vertical soil moisture correlation 
arguments can be applied to these higher C-band and X-band frequencies under wetter conditions. We encourage 
the analysis with Equation A2 in the Short Gianotti et al. (2019) study to be repeated with C-band and X-band 
radiometer observations to estimate their correlation length scales.

3. Relevance of Satellite Soil Moisture Retrievals to Plant Water Uptake
A frequently expressed argument when discouraging the use of satellite soil moisture is that rootzones are (qualita-
tively) “deep,” which argues against using an upper rootzone soil moisture data set to study vegetated landscapes. 
Indeed, maximum rooting depths often extend to 1–2 m and, at times, tens of meters below the surface depending 
on climate, edaphic conditions, and topography (Fan et al., 2017; Nepstad et al., 1994; Schenk & Jackson, 2002a; 
Tumber-Dávila et al., 2022). Existence of deep roots indicates adaptation to plant water stress, where access to 
deeper, less variable water sources allows plants to continue transpiring to survive under seasonal or severe water 
limitation (Jiang et al., 2020; Stocker et al., 2021; Tumber-Dávila & Malhotra, 2020). However, in the context of 
nominal plant water uptake, such a perspective can result in over-emphasis of the maximum rooting depth and 
neglect of the nature of typical rooting profiles when discouraging the use of satellite soil moisture. Specifically, 
while there are indeed many cases of deep root water use, global rooting profiles are often concentrated in the 
upper soil layers and decrease in root density with depth (Jackson et al., 1996). Some estimates indicate that most 
species (potentially as high as 90%), and especially herbaceous plants, concentrate the majority of their roots in 
depths shallower than 30 cm (Schenk & Jackson, 2002b).

Due to root suberization and woody root development that prevents root water uptake, the rooting distribution 
does not necessarily match the actual vertical profile of root water uptake (Kramer & Boyer, 1995). Instead, 
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isotopic tracers can be used to estimate the true range of primary water uptake, commonly called the functional 
rooting profile (Dawson & Pate,  1996; Ehleringer & Dawson,  1992). Within the limits imposed by isotopic 
mixing model uncertainties (Case et al., 2020; Ogle et al., 2004), isotopic tracer methods can determine water 
uptake profiles and/or ranges more relevant to the water cycle than knowledge of the rooting profile alone.

Therefore, instead of rooting profile information, we have collated isotopic tracer studies that determine the 
vertical range of roots contributing the most to xylem water within plants (Figure  3). Our main goal was to 
assess whether there are widespread cases of plants using soil moisture that may be relevant to L-band satellite 
representation of upper layer soil moisture. Values displayed in Figure  3 reflect the primary zones of water 
uptake over most of the year indicated by each reviewed study. In our web search of peer-reviewed literature, our 
keywords included “stable”, “isotope,” “tracer,” “plant,” “root,” “water uptake,” and “soil.” We only sampled 
studies that (a) explicitly stated or displayed the primary depths of water uptake (avoiding subjective judgment 
of results), (b) assessed naturally occurring plants under nominal conditions (avoiding experimental manipula-
tion, extreme stress, and laboratory experiments), and (c) evaluated plant species with an unobstructed rootzone 
(avoiding riparian, coastal, and shallow bedrock environments). Our search resulted in 45 references that met our 
criteria (Figure 3 and Table S1 in Supporting Information S1).

We find that grass and crop species (primarily herbaceous) across global climates typically extract water from the 
upper soil layers (shallower than 25 or 30 cm) over most of the year, with preferential uptake of water nearer to the 
surface (Figures 3a and 3b). Seventy percent of studied grass species typically use water in the upper 30 cm of soil. 
Sixty five percent of grass studies find increased proportional uptake in the top-most soil layers, with many explicitly 
reporting use of water at 0–5 cm depths (Figure 3a). While 43% of studied crop species use water mainly shallower 

Figure 3. Primary root water uptake profiles (or functional rooting profile) based on field stable isotope tracer studies for 
species binned in (a) grass, (b) crop, (c) shrub, and (d) tree categories based on Table S1 and data set in Feldman et al. (2023). 
The triangle symbol means the study found preferential water uptake nearer to the surface and decreasing uptake with depth. 
The diamond symbol means that while the study found uptake to 50 cm soil depths or below, root water uptake switched 
primarily to the upper soil layers (<∼30 cm) temporarily during the year. Placement of the diamond symbol at 20 cm is 
arbitrary. Thickness of the line indicates number of species studied in the given reference. The number above the plotlines 
is the reference index (see Table S1 in Supporting Information S1). The line colors refer to the mean annual Soil Moisture 
Active Passive (SMAP) soil moisture shown in the colorbar for each field site using the nearest 36 km pixel. (e) Locations of 
the isotopic field measurements.
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than 25 cm, all sampled crop species preferentially draw water from the upper soil layers with decreasing water use 
with depth (Figure 3b). All crop studies that found water use extending deeper than 50 cm also found proportionally 
higher water use in the upper soil layers. Eighty-eight percent of these same studies also found the primary plant 
water uptake zone transitioned at least temporarily to the upper soil layers (see diamond symbols in Figure 3b).

Shrub and tree species show a larger vertical range of water uptake, with water uptake commonly extending 
to well below 50 cm (Figures 3c and 3d) often related to root-niche separation under competition with grasses 
(Case et al., 2020). However, even in these deeper water uptake cases, 89% of shrub and 67% of tree isotopic 
studies found either proportionally higher water uptake from the upper soil layers or the primary water use zone 
transitioned temporarily to the upper soil layers. Absence of triangle and diamond symbols indicate that the study 
did not mention either phenomenon, not that the phenomenon does not exist. Therefore, these percentages that 
indicate preferential or temporary uptake of upper soil layer moisture are lower bounds.

We acknowledge potential biases in our search. For example, a greater proportion of studies in the midlatitudes 
arises due to abundant field research facilities in Asia, Europe, and North America as well as due to a lack of 
field measurements in the tropics (Schimel et al., 2015). More studies also take place in semiarid and sub-humid 
environments because of their higher proportion of global land cover. While our search yielded few tropical forest 
studies, we expect these regions may have deeper functional rooting profiles similarly to those found in Figure 3d 
(Ichii et al., 2007). However, we argue that this search provided a representative distribution of species across 
grass, crop, shrub, and tree categories and across global moisture availability gradients.

Though roots and consequent root water uptake profiles can extend below 30 cm, likely beyond the profiles 
of L-band satellite soil moisture representation (especially for shrubs and trees), our analysis shows that shal-
low root water uptake is widespread (Figure 3). Furthermore, even in the presence of deep roots, this analysis 
shows that shallow preferential soil water uptake and deeper roots can exist concurrently—the existence of a 
deep maximum rooting depth does not always imply low plant utilization of shallow soil moisture. This claim 
is supported by previous estimates that root water use from deeper layers may be smaller, or less than 10% of 
annual plant water uptake (McCormick et al., 2021; Miguez-Macho & Fan, 2021). This lower contribution of 
water uptake from the deeper layers may be, in part, because there are hydraulic limitations in transporting water 
over long vertical distances from deeper roots, with high radial and axial resistances in roots that can increase 
with depth (Jones, 2014; Landsberg & Fowkes, 1978; Nippert et al., 2012). As such, deeper roots may be more 
important for survival under seasonal or severe water limitation rather than nominal uptake (Stocker et al., 2021; 
Wang-Erlandsson et  al.,  2016). Use of deeper roots is limited in many water-limited ecosystems (Nippert & 
Holdo, 2015), where rainfall infiltration is often shallow (<30 cm) and plants must rely on this more frequently 
wetted shallow zone for survival (Scott & Biederman, 2019). Additionally, essential limiting nutrients are typi-
cally highly concentrated in the upper soil layers due to decaying organic matter, which may prevent sole plant 
reliance on deeper moisture sources (Jobbágy & Jackson, 2001). This motivates strategies like hydraulic redistri-
bution where plants actively move water via the roots to upper soil layers for easier uptake of nutrients under dry 
conditions (Cardon et al., 2013). As such, knowledge of maximum rooting depths should be used with caution 
when evaluating nominal plant water uptake throughout the year in the context of global soil moisture estimates 
(Nippert & Holdo, 2015).

This evidence together with Section  2 ultimately indicates that plant water use of upper soil layers is likely 
prevalent within a satellite pixel in some biomes, especially those with herbaceous vegetation, and highlights 
the utility of L-band satellite soil moisture for studying water control of many vegetated surfaces. We stress that 
we are not making wider claims about global dominance of shallow plant uptake strategies, but rather that deep 
root water use may be overemphasized when discussing limitations of using satellite soil moisture to study the 
terrestrial biosphere.

4. Effective Depth of Representation Limitations
Several soil and vegetation processes can limit L-band retrievals effectively capturing soil moisture dynam-
ics from deeper than 5  cm. We discuss several limitations here and comment on whether our arguments are 
confounded by or robust to these processes.

Regarding microwave soil emission depth arguments in dry conditions, large subsurface scatterers, like woody 
roots and rock inclusions that are larger than the wavelength of L-band microwaves (∼20 cm) can reduce the 
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depth of soil microwave emission (Roth & Elachi, 1975; Xiong et al., 2017). This is especially the case if below-
ground rooting density and rock inclusions are present across the satellite footprint. Deeper soil emission may 
occur in many drier regions (Section 2.1), which climatically tend to have lower woody vegetation density and 
thus may be less consistently influenced by larger roots (Good & Caylor, 2011). However, the existence of large 
abiotic soil scatterers across a satellite footprint can reduce the depth of microwave soil emission, in which case 
modeled dry soil emission depth values are an overestimate. The global distribution of soil scatterer density is 
uncertain and it is ultimately unclear how soil texture heterogeneity at small spatial scales translates to uncertain-
ties for our larger scale arguments (Baroni et al., 2017; Or, 2020).

Regarding vertical correlation arguments in wet conditions, soil conditions that promote heterogeneous vertical 
moisture movement rates in the subsurface can decouple surface and deeper soil layers. This includes bare soil 
evaporation (i.e., the formation of an evaporation front). A soil evaporation front forms with differential bare soil 
drying of upper soil layers, which can act to decouple the near-surface soil moisture dynamics from the rootzone 
especially over long seasonal drydowns in seasonally dry environments (Scott & Biederman, 2019). Neverthe-
less, macropores (Vereecken et al., 2022) and processes like hydraulic redistribution of moisture from wet to dry 
soils by roots of some plant species (Katul & Siqueira, 2010; Nadezhdina et al., 2010) could act to further couple 
the surface and deeper soil layers. Macropores are large soil pore spaces that make up less than 1% of soil volume, 
but can dominate gravity drainage rates in the soil under wet conditions (Fatichi et al., 2020; Hirmas et al., 2018; 
Kramer & Boyer, 1995). Ultimately, our arguments that shallow soil moisture under wet conditions captures 
moisture dynamics of deeper than 5 cm due to vertical correlation are based on satellite and in situ observations, 
and thus they already integrate these soil and vegetation processes and their limitations (Figures 1 and 2).

Soil evaporation influences soil moisture at depths between 0 and 80 cm depending on soil texture (Aminzadeh & 
Or, 2014; Lehmann et al., 2008; Or & Lehmann, 2019). As such, near-surface soil moisture dynamics will have a 
signature of soil evaporation physics (Haghighi et al., 2013; Salvucci, 1997). However, the existence of soil evapora-
tion in the upper soil layers does not preclude root water uptake from being sensitive to upper rootzone soil moisture, 
including 0–5 cm. Our analysis indicates that many plant species prefer moisture in upper soil layers (Figure 3), with 
many isotopic studies finding dominant uptake from 0 to 5 cm (Asbjornsen et al., 2008; Case et al., 2020; Kulmatiski 
& Beard, 2013; Kulmatiski et al., 2010; Le Roux et al., 1995; Ogle et al., 2004; Prechsl et al., 2015). As such, soil 
moisture in these upper layers is indeed influenced by root water uptake along with bare soil evaporation in many 
cases. It is also not likely that either bare soil or root water uptake entirely dominate globally based on estimates of 
transpiration and evaporation partitioning (Fatichi & Pappas, 2017; Good et al., 2015; Jasechko et al., 2013). Remotely 
sensed soil moisture dynamics are thus a function of both root water uptake and bare soil evaporation processes, but 
future work should determine how much soil moisture dynamics in these layers is explained by plant water uptake.

Aboveground vegetation biomass, from a passive microwave emission perspective, does not necessarily impact 
the soil microwave emission profile and depth. Dense, wooded vegetation canopies depolarize the strongly hori-
zontally and vertically polarized soil microwave emission signal, where multiple-scattering of microwave emis-
sion through the canopy reduces sensitivity to soil reflectivity and thus to soil moisture (Feldman, Akbar, & 
Entekhabi, 2018; Kurum et al., 2011). Therefore, dense vegetation results in a higher soil moisture retrieval error 
variance (Feldman et al., 2021; Zwieback et al., 2019), but does not directly change the physics of electromag-
netic attenuation in the soil, and thus does not change the depth of microwave emission. Nevertheless, our deeper 
direct microwave emission depth arguments pertain to dry soil conditions (Section 2.1), where vegetation density 
tends to be lower and would thus be less influenced by vegetation presence.

5. Conclusions and Recommendations
Our findings convey that satellite L-band retrievals effectively capture global soil moisture dynamics deeper than 
5 cm in many conditions (Section 2) and are more relevant for evaluating plant function than commonly appreci-
ated (Section 3). We find that L-band satellite soil moisture retrievals will likely have their highest utility for stud-
ying most grasslands and croplands, which cover more than a third of global vegetated surfaces. This land cover 
proportion is higher when including nonvegetated surfaces, given that these L-band measurements also have 
utility for evaluating bare surfaces where soil evaporation dominates. Grass and crop water use also decreases 
with depth, much like the decreasing L-band satellite soil moisture representation with depth (Figure 1). There-
fore, reanalysis soil moisture data sets that integrate rootzone dynamics between 0 and 100 cm and deeper may 
in fact be less useful than L-band soil moisture for representing plant-relevant soil moisture dynamics in grass 
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and croplands (Figure 3). This is because soil moisture products representing the 0–100 cm layer will integrate 
subdued moisture dynamics in deeper layers not relevant to the functional rooting profile concentrated in the 
upper soil layers. Additionally, even woody plant species that exhibit deeper root water uptake (shrubs and trees; 
see Figure 3) frequently draw water nearer to the surface preferentially or temporarily within a given season. 
L-band soil moisture observations are still useful for these scenarios at least during certain times of the year.

We stress that deeper layer (0–100 cm and beyond) soil moisture products based on the assimilation of L-band 
observations (i.e., SMAP L4 rootzone soil moisture; Reichle et al., 2019) are likely more optimal for the study of 
soil moisture memory in the context of land-atmosphere interactions, the study of deeper-rooted vegetation func-
tion under water stress conditions, the study of infiltration and drainage fluxes, and the initialization of dynamical 
seasonal forecasts. Our findings here also indicate that reanalysis rootzone soil moisture products are needed for 
the study of many forested and mixed (i.e., savanna) landscapes that have deeper plant water uptake and often 
higher errors in remote sensing soil moisture retrievals.

Additionally, we argue that there is no single global soil moisture product that will integrate the soil moisture 
layers relevant to plant water uptake and thus terrestrial water, carbon, and energy exchanges. Instead, the optimal 
soil moisture product changes in time and space. For studies of water, carbon, and energy exchanges at landscape 
scales, we encourage first understanding the typical root water uptake patterns for plant species in the study 
region and then carefully selecting a soil moisture data set. Potentially, multiple products and their synergistic use 
are needed depending on the complexity of root water uptake scenarios.

For example, for landscapes with primarily herbaceous vegetation including many croplands, grasslands, and 
savannas with sparse tree cover, the L-band soil moisture products are more optimal for integrating the rele-
vant rootzone moisture information because they are typically sensitive to the shallow rootzone layers and often 
progressively decrease in sensitivity to deeper soil moisture, much like these ecosystem's functional rooting 
profiles. These observations will additionally be optimal for the study of mostly bare surface supplied mainly 
by soil evaporation. Alternatively, in scenarios where prevalent deeper-rooted shrubs and trees are mixed with 
a shallow-rooted understory, data sets representing a uniform distribution of integrated soil moisture across the 
top 1–2 m of soil (i.e., model reanalysis rootzone soil moisture products) would be optimal (Reichle et al., 2019). 
P-band (0.4 GHz) soil moisture remote sensing applications may be useful for these scenarios as well—with 
potentially twice as deep of effective depths of representation than at L-band and less sensitivity to the overlying 
vegetation (Chapin et al., 2012; Konings et al., 2014; Shen et al., 2021). These data sets may be similarly useful 
for plant water stress scenarios if the given vegetation shifts its water use to deeper layers. Finally, in scenarios 
where root water uptake extends well below 1 m  for consistent or transient use of deep moisture or ground-
water (McCormick et  al.,  2021; Miguez-Macho & Fan,  2021), care must be taken in determining when this 
uptake occurs. Such scenarios may occur in tropical rainforests where L-band satellite soil moisture retrievals are 
suboptimal due to vegetation multiple-scattering of microwaves (Feldman, Akbar, & Entekhabi, 2018; Kurum 
et al., 2011). Satellite-based terrestrial water storage variations (i.e., GRACE and GRACE-FO) may be useful 
to study these cases and can be used in tandem with reanalysis rootzone products (Rodell & Famiglietti, 2001).

Our commentary ultimately encourages broader use of L-band satellite soil moisture for the study of soil mois-
ture's impact on the terrestrial net carbon balance, water movement in the soil-plant-atmosphere continuum, 
land-atmosphere coupling, and crop yield forecasting. This is the case for grasslands and some croplands but may 
only extend to woody biomes in some contexts. Based on the evidence presented here, we argue that L-band satel-
lite soil moisture is more useful than suggested by the frequently assumed skin depth support scale. Furthermore, 
satellite soil moisture retrievals can often serve as a more direct observation of relevant upper rootzone soil 
moisture than less direct precipitation wetness indices or modeled rootzone products which may include process 
assumptions that confound interpretations of emergent terrestrial behavior.

With the availability of X-band, C-band, and L-band soil moisture observations, we urge more study into quanti-
fying effective depths of representation at each frequency and how they change with soil structure and moisture 
across the globe. These estimates should consider both microwave soil emission depths and statistical verti-
cal correlation arguments because previous studies evaluate these considerations in isolation (Lv et al., 2018; 
Njoku & Kong, 1977; Short Gianotti et  al.,  2019). Correlative evidence between brightness temperature and 
soil moisture across many depths can simultaneously capture both the direct emission depths within the radi-
ometric brightness temperature measurements and the effective, vertical connections within the soil moisture 
measurements. Furthermore, to draw more conclusive evidence about L-band sensing depths under drier soils, 
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we recommend that (a) microwave emission models used to estimate sensing depths should be adapted to account 
for air-soil boundary and within-layer scattering due to soil heterogeneity. (b) Field experiments should explicitly 
test dry soil conditions without using methods that include wet soil conditions. Drydown experiments as shown 
in a previous experiment may be useful in this endeavor (Newton et al., 1982). (c) Field experiments should also 
establish that soil moisture from deeper layers contributes much less to the signal in order to define a depth of 
representation.

Finally, the potential value of satellite-based soil moisture deeper than a 5 cm skin depth highlights the need to 
maintain continuity of L-band satellite remote sensing missions. Additionally, we have discussed several factors 
that limit the effective L-band depth of soil representation, which motivate the need to directly observe deeper 
soil moisture layers with upcoming satellite missions. We namely advocate for P-band satellite soil moisture 
missions that can directly detect several times the effective L-band depth of representation. Planned P-band 
missions include the European Space Agency's BIOMASS mission and NASA's Signals of Opportunity P-band 
Investigation (SNOOPI) (Garrison et al., 2019; Quegan et al., 2019).

Appendix A
The e-folding length scale of microwave emission used to estimate surface soil moisture can be modeled by:

𝐿𝐿Emission =
𝜆𝜆

4𝜋𝜋𝜋𝜋′′
 (A1)

where λ is the emission wavelength (Njoku & Entekhabi, 1996). n″ is the imaginary part of the refractive index, 
which is the square root of the dielectric constant. The dielectric constant is a function largely of soil moisture and 
soil texture (i.e., clay fraction), though soil texture has smaller influences (Shen et al., 2021). Incidence angles 
are not explicitly considered in these models, the consequences of which are not well known (Shen et al., 2021). 
LEmission is the e-folding scale that represents the emission depth of microwaves. Measurements of these micro-
waves are used to estimate satellite soil moisture. Nearly identical emission length scales are found when using 
other common emission and dielectric models (Fluhrer et al., 2022; Lv et al., 2018).

The e-folding vertical correlation length scale of soil moisture dynamics can be computed by:

𝐿𝐿Correlation =
𝜎𝜎𝑉𝑉 ′𝜌𝜌

(

𝑉𝑉
′
, 𝜃𝜃𝑠𝑠

′
)

𝜎𝜎𝜃𝜃𝑠𝑠
′

 (A2)

where V is the total volume soil moisture in the column, θs is the surface soil moisture, ρ is correlation, and σ 
is standard deviation (Short Gianotti et al., 2019). Prime superscripts indicate the time derivative. LCorrelation is a 
correlation length scale, or the e-folding scale, that captures the decay of surface soil moisture's correlation with 
the total column soil moisture. LCorrelation is thus the effective depth to which the surface soil moisture (here, being 
measured at least at a 5 cm depth) holds information about the total soil column moisture. Similar theoretical 
arguments allow interpretation of LCorrelation to be a support scale of the soil moisture magnitude and time dynam-
ics (Akbar et al., 2018).

While Equation A2 is an exact solution, total column volumetric moisture is not widely available to estimate 
LCorrelation globally. Thus, Short Gianotti et al. (2019) estimate LCorrelation using information about the variance of 
surface hydrologic fluxes (rainfall minus surface hydrologic losses) as well as surface soil moisture variance and 
autocorrelation (their Equation 28). GPM rainfall retrievals (Huffman, 2015) and SMAP soil moisture retrievals 
are used together to globally estimate LCorrelation, which are used in Figure 1.

Data Availability Statement
All data used in this study are freely and publicly available. In situ USCRN soil moisture observations were 
obtained from NOAA (https://www.ncei.noaa.gov/access/crn/). All isotopic uptake profiles were determined 
from previous work with the data table stored in https://doi.org/10.5281/zenodo.7527459 and shown in 
Table S1 in Supporting Information S1. LCorrelation length scale estimates were obtained from Short Gianotti 
et al. (2019) and are included in https://doi.org/10.5281/zenodo.7527459. No software was used or generated 
in this commentary.

 19447973, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033814, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.ncei.noaa.gov/access/crn/
https://doi.org/10.5281/zenodo.7527459
https://doi.org/10.5281/zenodo.7527459


Water Resources Research

FELDMAN ET AL.

10.1029/2022WR033814

12 of 17

References
Akbar, R., Short Gianotti, D. J., McColl, K. A., Haghighi, E., Salvucci, G. D., & Entekhabi, D. (2018). Hydrological storage length scales 

represented by remote sensing estimates of soil moisture and precipitation. Water Resources Research, 54, 1476–1492. https://doi.
org/10.1002/2017WR021508

Akbar, R., Short Gianotti, D. J., Salvucci, G. D., & Entekhabi, D. (2020). Partitioning of historical precipitation into evaporation and runoff based 
on hydrologic dynamics identified with recent SMAP satellite measurements. Water Resources Research, 56, e2020WR027307. https://doi.
org/10.1029/2020WR027307

Albergel, C., Rüdiger, C., Pellarin, T., Calvet, J. C., Fritz, N., Froissard, F., et al. (2008). From near-surface to root-zone soil moisture using an 
exponential filter: An assessment of the method based on in-situ observations and model simulations. Hydrology and Earth System Sciences, 
12(6), 1323–1337. https://doi.org/10.5194/hess-12-1323-2008

Aminzadeh, M., & Or, D. (2014). Energy partitioning dynamics of drying terrestrial surfaces. Journal of Hydrology, 519, 1257–1270. https://
doi.org/10.1016/j.jhydrol.2014.08.037

Asbjornsen, H., Shepherd, G., Helmers, M., & Mora, G. (2008). Seasonal patterns in depth of water uptake under contrasting annual and perennial 
systems in the Corn Belt Region of the Midwestern U.S. Plant and Soil, 308(1–2), 69–92. https://doi.org/10.1007/s11104-008-9607-3

Baroni, G., Zink, M., Kumar, R., Samaniego, L., & Attinger, S. (2017). Effects of uncertainty in soil properties on simulated hydrological 
states and fluxes at different spatio-temporal scales. Hydrology and Earth System Sciences, 21(5), 2301–2320. https://doi.org/10.5194/
hess-21-2301-2017

Bassiouni, M., Good, S. P., Still, C. J., & Higgins, C. W. (2020). Plant water uptake thresholds Inferred from satellite soil moisture. Geophysical 
Research Letters, 47, e2020GL087077. https://doi.org/10.1029/2020GL087077

Bell, J. E., Palecki, M. A., Baker, C. B., Collins, W. G., Lawrimore, J. H., Leeper, R. D., et al. (2013). U.S. climate reference network soil moisture 
and temperature observations. Journal of Hydrometeorology, 14(3), 977–988. https://doi.org/10.1175/JHM-D-12-0146.1

Bras, R. L. (1990). Hydrology: An introduction to hydrologic science. Addison-Wesley Publishing Co., Inc.
Burke, W. J., Schmugge, T., & Paris, J. F. (1979). Comparison of 2.8- and 21-cm microwave radiometer observations over soils with emission 

model calculations. Journal of Geophysical Research, 84(C1), 287–294. https://doi.org/10.1029/JC084iC01p00287
Calvet, J. C., & Noilhan, J. (2000). From near-surface to root-zone soil moisture using year-round data. Journal of Hydrometeorology, 1(5), 

393–411. https://doi.org/10.1175/1525-7541(2000)001<0393:FNSTRZ>2.0.CO;2
Cardon, Z. G., Stark, J. M., Herron, P. M., & Rasmussen, J. A. (2013). Sagebrush carrying out hydraulic lift enhances surface soil nitrogen 

cycling and nitrogen uptake into inflorescences. Proceedings of the National Academy of Sciences of the United States of America, 110(47), 
18988–18993. https://doi.org/10.1073/pnas.1311314110

Case, M. F., Nippert, J. B., Holdo, R. M., & Staver, A. C. (2020). Root-niche separation between savanna trees and grasses is greater on sandier 
soils. Journal of Ecology, 108(6), 2298–2308. https://doi.org/10.1111/1365-2745.13475

Chan, S. K., Bindlish, R., O’Neill, P. E., Njoku, E., Jackson, T., Colliander, A., et al. (2016). Assessment of the SMAP passive soil moisture 
product. IEEE Transactions on Geoscience and Remote Sensing, 54(8), 4994–5007. https://doi.org/10.1109/TGRS.2016.2561938

Chapin, E., Chau, A., Chen, J., Heavey, B., Hensley, S., Lou, Y., et al. (2012). AirMOSS: An airborne P-band SAR to measure root-zone soil 
moisture. In IEEE National Radar Conference—Proceedings (pp. 693–698). IEEE. https://doi.org/10.1109/RADAR.2012.6212227

Collins, D. B. G., & Bras, R. L. (2007). Plant rooting strategies in water-limited ecosystems. Water Resources Research, 43, W06407. https://doi.
org/10.1029/2006WR005541

Crow, W. T., Han, E., Ryu, D., Hain, C. R., & Anderson, M. C. (2017). Estimating annual water storage variations in medium-scale 
(2000–10000 km 2) basins using microwave-based soil moisture retrievals. Hydrology and Earth System Sciences, 21(3), 1849–1862. https://
doi.org/10.5194/hess-21-1849-2017

Dawson, T. E., & Pate, J. S. (1996). Seasonal water uptake and movement in root systems of Australian phraeatophytic plants of dimorphic root 
morphology: A stable isotope investigation. Oecologia, 107(1), 13–20. https://doi.org/10.1007/BF00582230

Denissen, J. M. C., Teuling, A. J., Reichstein, M., & Orth, R. (2020). Critical soil moisture derived from satellite observations over Europe. 
Journal of Geophysical Research: Atmospheres, 125, e2019JD031672. https://doi.org/10.1029/2019JD031672

Dong, J., Akbar, R., Gianotti, D. J. S., Feldman, A. F., Crow, W. T., & Entekhabi, D. (2022). Can surface soil moisture information identify evap-
otranspiration regime transitions? Geophysical Research Letters, 49, e2021GL097697. https://doi.org/10.1029/2021GL097697

Dong, J., & Crow, W. T. (2019). L-band remote-sensing increases sampled levels of global soil moisture-air temperature coupling strength. 
Remote Sensing of Environment, 220, 51–58. https://doi.org/10.1016/j.rse.2018.10.024

Dong, J., Dirmeyer, P. A., Lei, F., Anderson, M. C., Holmes, T. R. H., Hain, C., & Crow, W. T. (2020). Soil evaporation stress determines 
soil moisture-evapotranspiration coupling strength in land surface modeling. Geophysical Research Letters, 47, e2020GL090391. https://doi.
org/10.1029/2020GL090391

Ehleringer, J. R., & Dawson, T. E. (1992). Water uptake by plants: Perspectives from stable isotope composition. Plant, Cell and Environment, 
15(9), 1073–1082. https://doi.org/10.1111/j.1365-3040.1992.tb01657.x

Entekhabi, D., Njoku, E. G., O’Neill, P. E., Kellogg, K. H., Crow, W. T., Edelstein, W. N., et al. (2010). The soil moisture active passive (SMAP) 
mission. Proceedings of the IEEE, 98(5), 704–716. https://doi.org/10.1109/JPROC.2010.2043918

Escorihuela, M. J., Chanzy, A., Wigneron, J. P., & Kerr, Y. H. (2010). Effective soil moisture sampling depth of L-band radiometry: A case study. 
Remote Sensing of Environment, 114(5), 995–1001. https://doi.org/10.1016/j.rse.2009.12.011

Fan, Y., Miguez-Macho, G., Jobbágy, E. G., Jackson, R. B., & Otero-Casal, C. (2017). Hydrologic regulation of plant rooting depth. Proceedings 
of the National Academy of Sciences of the United States of America, 114(40), 10572–10577. https://doi.org/10.1073/pnas.1712381114

Farahmand, A., Reager, J. T., & Madani, N. (2021). Drought cascade in the terrestrial water cycle: Evidence from remote sensing. Geophysical 
Research Letters, 48, e2021GL093482. https://doi.org/10.1029/2021GL093482

Fatichi, S., Or, D., Walko, R., Vereecken, H., Young, M. H., Ghezzehei, T. A., et al. (2020). Soil structure is an important omission in Earth 
System Models. Nature Communications, 11, 1–11. https://doi.org/10.1038/s41467-020-14411-z

Fatichi, S., & Pappas, C. (2017). Constrained variability of modeled T:ET ratio across biomes. Geophysical Research Letters, 44, 6795–6803. 
https://doi.org/10.1002/2017GL074041

Feldman, A. F., Akbar, R., & Entekhabi, D. (2018). Characterization of higher-order scattering from vegetation with SMAP measurements. 
Remote Sensing of Environment, 219, 324–338. https://doi.org/10.1016/j.rse.2018.10.022

Feldman, A. F., Chaparro, D., & Entekhabi, D. (2021). Error propagation in microwave soil moisture and vegetation optical depth retrievals. IEEE 
Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 14, 11311–11323. https://doi.org/10.1109/jstars.2021.3124857

Feldman, A. F., Gianotti, D. J. S., Dong, J., Akbar, R., Crow, W. T., McColl, K. A., et al. (2023). Remotely sensed soil moisture can capture 
dynamics relevant to plant water uptake (Version 1) [Dataset]. Zenodo. https://10.5281/zenodo.7527459

Acknowledgments
Andrew F. Feldman's research was 
supported by an appointment to the 
NASA Postdoctoral Program at the 
NASA Goddard Space Flight Center, 
administered by Oak Ridge Associated 
Universities under contract with NASA. 
The authors with MIT affiliation, Rolf 
H. Reichle, and Wade T. Crow were 
supported by the NASA SMAP mission. 
The authors thank the associate editor and 
three anonymous reviewers for construc-
tive comments that improved our manu-
script. The USDA is an equal opportunity 
employer. The research was carried out at 
the Jet Propulsion Laboratory, California 
Institute of Technology, under a contract 
with the National Aeronautics and Space 
Administration (80NM0018D0004).

 19447973, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033814, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/2017WR021508
https://doi.org/10.1002/2017WR021508
https://doi.org/10.1029/2020WR027307
https://doi.org/10.1029/2020WR027307
https://doi.org/10.5194/hess-12-1323-2008
https://doi.org/10.1016/j.jhydrol.2014.08.037
https://doi.org/10.1016/j.jhydrol.2014.08.037
https://doi.org/10.1007/s11104-008-9607-3
https://doi.org/10.5194/hess-21-2301-2017
https://doi.org/10.5194/hess-21-2301-2017
https://doi.org/10.1029/2020GL087077
https://doi.org/10.1175/JHM-D-12-0146.1
https://doi.org/10.1029/JC084iC01p00287
https://doi.org/10.1175/1525-7541(2000)001%3C0393:FNSTRZ%3E2.0.CO;2
https://doi.org/10.1073/pnas.1311314110
https://doi.org/10.1111/1365-2745.13475
https://doi.org/10.1109/TGRS.2016.2561938
https://doi.org/10.1109/RADAR.2012.6212227
https://doi.org/10.1029/2006WR005541
https://doi.org/10.1029/2006WR005541
https://doi.org/10.5194/hess-21-1849-2017
https://doi.org/10.5194/hess-21-1849-2017
https://doi.org/10.1007/BF00582230
https://doi.org/10.1029/2019JD031672
https://doi.org/10.1029/2021GL097697
https://doi.org/10.1016/j.rse.2018.10.024
https://doi.org/10.1029/2020GL090391
https://doi.org/10.1029/2020GL090391
https://doi.org/10.1111/j.1365-3040.1992.tb01657.x
https://doi.org/10.1109/JPROC.2010.2043918
https://doi.org/10.1016/j.rse.2009.12.011
https://doi.org/10.1073/pnas.1712381114
https://doi.org/10.1029/2021GL093482
https://doi.org/10.1038/s41467-020-14411-z
https://doi.org/10.1002/2017GL074041
https://doi.org/10.1016/j.rse.2018.10.022
https://doi.org/10.1109/jstars.2021.3124857
https://10.5281/zenodo.7527459


Water Resources Research

FELDMAN ET AL.

10.1029/2022WR033814

13 of 17

Feldman, A. F., Gianotti, D. J. S., Trigo, I. F., Salvucci, G. D., & Entekhabi, D. (2022). Observed landscape responsiveness to climate forcing. 
Water Resources Research, 58, e2021WR030316. https://doi.org/10.1029/2021WR030316

Feldman, A. F., Short Gianotti, D. J., Konings, A. G., McColl, K. A., Akbar, R., Salvucci, G. D., & Entekhabi, D. (2018). Moisture pulse-reserve 
in the soil-plant continuum observed across biomes. Nature Plants, 4(12), 1026–1033. https://doi.org/10.1038/s41477-018-0304-9

Fluhrer, A., Jagdhuber, T., Tabatabaeenejad, A., Alemohammad, H., Montzka, C., Friedl, P., et al. (2022). Remote sensing of complex permittiv-
ity and penetration depth of soils using P-band SAR polarimetry. Remote Sensing, 14(12), 2755. https://doi.org/10.3390/rs14122755

Ford, T. W., Harris, E., & Quiring, S. M. (2014). Estimating root zone soil moisture using near-surface observations from SMOS. Hydrology and 
Earth System Sciences, 18(1), 139–154. https://doi.org/10.5194/hess-18-139-2014

Garrison, J. L., Piepmeier, J. R., Shah, R., Vega, M. A., Spencer, D. A., Banting, R., et al. (2019). SNOOPI: A technology validation mission for 
P-band reflectometry using signals of opportunity. In IEEE international geoscience and remote sensing symposium (pp. 5082–5085). IEEE.

Good, S. P., & Caylor, K. K. (2011). Climatological determinants of woody cover in Africa. Proceedings of the National Academy of Sciences of 
the United States of America, 108(12), 4902–4907. https://doi.org/10.1073/pnas.1013100108

Good, S. P., Noone, D., & Bowen, G. (2015). Hydrologic connectivity constrains partitioning of global terrestrial water fluxes. Science, 349(6244), 
175–177. https://doi.org/10.1126/science.aaa5931

Haghighi, E., Shahraeeni, E., Lehmann, P., & Or, D. (2013). Evaporation rates across a convective air boundary layer are dominated by diffusion. 
Water Resources Research, 49, 1602–1610. https://doi.org/10.1002/wrcr.20166

Hirmas, D. R., Giménez, D., Nemes, A., Kerry, R., Brunsell, N. A., & Wilson, C. J. (2018). Climate-induced changes in continental-scale soil 
macroporosity may intensify water cycle. Nature, 561(7721), 100–103. https://doi.org/10.1038/s41586-018-0463-x

Huffman, G. (2015). GPM Level 3 IMERG final run half hourly 0.1 × 0.1 degree precipitation, version 05. Goddard Space Flight Center Distrib-
uted Active Archive Center (GSFC DAAC).

Ichii, K., Hashimoto, H., White, M. A., Potter, C., Hutyra, L. R., Huete, A. R., et al. (2007). Constraining rooting depths in tropical rainforests 
using satellite data and ecosystem modeling for accurate simulation of gross primary production seasonality. Global Change Biology, 13(1), 
67–77. https://doi.org/10.1111/j.1365-2486.2006.01277.x

Jackson, R. B., Canadell, J., Ehleringer, J. R., Mooney, H. A., Sala, O. E., & Schulze, E. D. (1996). A global analysis of root distributions for 
terrestrial biomes. Oecologia, 108(3), 389–411. https://doi.org/10.1007/BF00333714

Jackson, T. J., Schmugge, T. J., & O’Neill, P. (1984). Passive microwave remote sensing of soil moisture from an aircraft platform. Remote Sens-
ing of Environment, 14(1–3), 135–151. https://doi.org/10.1016/0034-4257(84)90011-7

Jasechko, S., Sharp, Z. D., Gibson, J. J., Birks, S. J., Yi, Y., & Fawcett, P. J. (2013). Terrestrial water fluxes dominated by transpiration. Nature, 
496(7445), 347–350. https://doi.org/10.1038/nature11983

Jiang, P., Wang, H., Meinzer, F. C., Kou, L., Dai, X., & Fu, X. (2020). Linking reliance on deep soil water to resource economy strategies 
and abundance among coexisting understorey shrub species in subtropical pine plantations. New Phytologist, 225(1), 222–233. https://doi.
org/10.1111/nph.16027

Jobbágy, E. G., & Jackson, R. B. (2001). The distribution of soil nutrients with depth: Global patterns and the imprint of plants. Biogeochemistry, 
53(1), 51–77. https://doi.org/10.1023/A:1010760720215

Jones, H. G. (2014). Plants and microclimate: A quantitative approach to environmental plant physiology (3rd ed.). Cambridge University Press.
Katul, G. G., Oren, R., Manzoni, S., Higgins, C., & Parlange, M. B. (2012). Evapotranspiration: A process driving mass transport and energy 

exchange in the soil-plant-atmosphere-climate system. Reviews of Geophysics, 50, RG3002. https://doi.org/10.1029/2011RG000366
Katul, G. G., & Siqueira, M. B. (2010). Biotic and abiotic factors act in coordination to amplify hydraulic redistribution and lift. New Phytologist, 

187(1), 3–6. https://doi.org/10.1111/j.1469-8137.2010.03306.x
Kerr, Y., Waldteufel, P., Wigneron, J.-P., Delwart, S., Cabot, F., Boutin, J., et  al. (2010). The SMOS mission: New tool for monitoring key 

elements of the global water cycle. Proceedings of the IEEE, 98(5), 666–687. https://doi.org/10.1109/jproc.2010.2043032
Konings, A. G., Entekhabi, D., Moghaddam, M., & Saatchi, S. S. (2014). The effect of a variable soil moisture profile on P-band Backscatter 

estimation. IEEE Transactions on Geoscience and Remote Sensing, 52(10), 6315–6325. https://doi.org/10.1109/tgrs.2013.2296035
Konings, A. G., Williams, A. P., & Gentine, P. (2017). Sensitivity of grassland productivity to aridity controlled by stomatal and xylem regulation. 

Nature Geoscience, 10(4), 284–288. https://doi.org/10.1038/ngeo2903
Koster, R. D., Schubert, S. D., Wang, H., Mahanama, S. P., & Deangelis, A. M. (2019). Flash drought as captured by reanalysis data: Disentan-

gling the contributions of precipitation deficit and excess evapotranspiration. Journal of Hydrometeorology, 20(6), 1241–1258. https://doi.
org/10.1175/JHM-D-18-0242.1

Koster, R. D., & Suarez, M. J. (2001). Soil moisture memory in climate models. Journal of Hydrometeorology, 2(6), 558–570. https://doi.org/10. 
1175/1525-7541(2001)002<0558:SMMICM>2.0.CO;2

Kramer, P. J., & Boyer, J. S. (1995). Water relations of plants and soils. Academic Press.
Kulmatiski, A., & Beard, K. H. (2013). Root niche partitioning among grasses, saplings, and trees measured using a tracer technique. Oecologia, 

171(1), 25–37. https://doi.org/10.1007/s00442-012-2390-0
Kulmatiski, A., Beard, K. H., Verweij, R. J. T., & February, E. C. (2010). A depth-controlled tracer technique measures vertical, hori-

zontal and temporal patterns of water use by trees and grasses in a subtropical savanna. New Phytologist, 188(1), 199–209. 
https://doi.org/10.1111/j.1469-8137.2010.03338.x

Kurum, M., Lang, R. H., O’Neill, P. E., Joseph, A. T., Jackson, T. J., & Cosh, M. H. (2011). A first-order radiative transfer model for microwave 
radiometry of forest canopies at L-band. IEEE Transactions on Geoscience and Remote Sensing, 49(9), 3167–3179. https://doi.org/10.1109/
TGRS.2010.2091139

Landsberg, J. J., & Fowkes, N. D. (1978). Water movement through plant roots. Annals of Botany, 42(3), 493–508. https://doi.org/10.1093/
oxfordjournals.aob.a085488

Le Roux, X., Bariac, T., & Mariotti, A. (1995). Spatial partitioning of the soil water resource between grass and shrub components in a west 
African humid savanna. Oecologia, 104(2), 147–155. https://doi.org/10.1007/BF00328579

Lehmann, P., Assouline, S., & Or, D. (2008). Characteristic lengths affecting evaporative drying of porous media. Physical Review E—Statistical, 
Nonlinear and Soft Matter Physics, 77(5), 1–16. https://doi.org/10.1103/PhysRevE.77.056309

Li, F., Crow, W. T., & Kustas, W. P. (2010). Towards the estimation root-zone soil moisture via the simultaneous assimilation of thermal and 
microwave soil moisture retrievals. Advances in Water Resources, 33(2), 201–214. https://doi.org/10.1016/j.advwatres.2009.11.007

Li, W., Migliavacca, M., Forkel, M., Walther, S., Reichstein, M., & Orth, R. (2021). Revisiting global vegetation controls using multi-layer soil 
moisture. Geophysical Research Letters, 48, e2021GL092856. https://doi.org/10.1029/2021GL092856

Liu, L., Gudmundsson, L., Hauser, M., Qin, D., Li, S., & Seneviratne, S. I. (2020). Soil moisture dominates dryness stress on ecosystem produc-
tion globally. Nature Communications, 11(1), 4892. https://doi.org/10.1038/s41467-020-18631-1

 19447973, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033814, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2021WR030316
https://doi.org/10.1038/s41477-018-0304-9
https://doi.org/10.3390/rs14122755
https://doi.org/10.5194/hess-18-139-2014
https://doi.org/10.1073/pnas.1013100108
https://doi.org/10.1126/science.aaa5931
https://doi.org/10.1002/wrcr.20166
https://doi.org/10.1038/s41586-018-0463-x
https://doi.org/10.1111/j.1365-2486.2006.01277.x
https://doi.org/10.1007/BF00333714
https://doi.org/10.1016/0034-4257(84)90011-7
https://doi.org/10.1038/nature11983
https://doi.org/10.1111/nph.16027
https://doi.org/10.1111/nph.16027
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1029/2011RG000366
https://doi.org/10.1111/j.1469-8137.2010.03306.x
https://doi.org/10.1109/jproc.2010.2043032
https://doi.org/10.1109/tgrs.2013.2296035
https://doi.org/10.1038/ngeo2903
https://doi.org/10.1175/JHM-D-18-0242.1
https://doi.org/10.1175/JHM-D-18-0242.1
https://doi.org/10.1175/1525-7541(2001)002%3C0558:SMMICM%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2001)002%3C0558:SMMICM%3E2.0.CO;2
https://doi.org/10.1007/s00442-012-2390-0
https://doi.org/10.1111/j.1469-8137.2010.03338.x
https://doi.org/10.1109/TGRS.2010.2091139
https://doi.org/10.1109/TGRS.2010.2091139
https://doi.org/10.1093/oxfordjournals.aob.a085488
https://doi.org/10.1093/oxfordjournals.aob.a085488
https://doi.org/10.1007/BF00328579
https://doi.org/10.1103/PhysRevE.77.056309
https://doi.org/10.1016/j.advwatres.2009.11.007
https://doi.org/10.1029/2021GL092856
https://doi.org/10.1038/s41467-020-18631-1


Water Resources Research

FELDMAN ET AL.

10.1029/2022WR033814

14 of 17

Liu, P. W., Judge, J., DeRoo, R. D., England, A. W., Bongiovanni, T., & Luke, A. (2016). Dominant backscattering mechanisms at L-band during 
dynamic soil moisture conditions for sandy soils. Remote Sensing of Environment, 178, 104–112. https://doi.org/10.1016/j.rse.2016.02.062

Lv, S., Zeng, Y., Wen, J., Zhao, H., & Su, Z. (2018). Estimation of penetration depth from soil effective temperature in microwave radiometry. 
Remote Sensing, 10(4), 1–19. https://doi.org/10.3390/rs10040519

Macelloni, G., Paloscia, S., Pampaloni, P., Santi, E., & Tedesco, M. (2003). Microwave radiometric measurements of soil moisture in Italy. 
Hydrology and Earth System Sciences, 7(6), 937–948. https://doi.org/10.5194/hess-7-937-2003

Mätzler, C. (1998). Microwave permittivity of dry sand. IEEE Transactions on Geoscience and Remote Sensing, 36(1), 317–319. https://doi.
org/10.1109/36.655342

McColl, K. A., Alemohammad, S. H., Akbar, R., Konings, A. G., Yueh, S., & Entekhabi, D. (2017). The global distribution and dynamics of 
surface soil moisture. Nature Geoscience, 10(2), 100–104. https://doi.org/10.1038/ngeo2868

McCormick, E. L., Dralle, D. N., Hahm, W. J., Tune, A. K., Schmidt, L. M., Chadwick, K. D., & Rempe, D. M. (2021). Widespread woody plant 
use of water stored in bedrock. Nature, 597(7875), 225–229. https://doi.org/10.1038/s41586-021-03761-3

Miguez-Macho, G., & Fan, Y. (2021). Spatiotemporal origin of soil water taken up by vegetation. Nature, 598(7882), 624–628. https://doi.
org/10.1038/s41586-021-03958-6

Moghaddam, M., Saatchi, S., & Cuenca, R. H. (2000). Estimating subcanopy soil moisture with radar. Journal of Geophysical Research, 
105(D11), 14899–14911. https://doi.org/10.1029/2000JD900058

Mueller, B., & Seneviratne, S. I. (2012). Hot days induced by precipitation deficits at the global scale. Proceedings of the National Academy of 
Sciences of the United States of America, 109(31), 12398–12403. https://doi.org/10.1073/pnas.1204330109

Nadezhdina, N., David, T. S., David, J. S., Ferreira, M. I., Dohnal, M., Tesar, M., et al. (2010). Trees never rest: The multiple facets of hydraulic 
redistribution. Ecohydrology, 3(4), 431–444. https://doi.org/10.1002/eco

Nepstad, D. C., de Carvalho, C. R., Davidson, E. A., Jipp, P. H., Lefebvre, P. A., Negreiros, G. H., et al. (1994). The role of deep roots in the 
hydrological and carbon cycles of Amazonian forests and pastures. Nature, 372(6507), 666–669. https://doi.org/10.1038/372666a0

Newton, R. W., Black, Q. R., Makanvand, S., Blanchard, A. J., & Jean, B. R. (1982). Soil moisture information and thermal microwave emission. 
IEEE Transactions on Geoscience and Remote Sensing, 20(3), 275–281. https://doi.org/10.1109/TGRS.1982.350443

Nippert, J. B., & Holdo, R. M. (2015). Challenging the maximum rooting depth paradigm in grasslands and savannas. Functional Ecology, 29(6), 
739–745. https://doi.org/10.1111/1365-2435.12390

Nippert, J. B., Wieme, R. A., Ocheltree, T. W., & Craine, J. M. (2012). Root characteristics of C4 grasses limit reliance on deep soil water in 
tallgrass prairie. Plant and Soil, 355(1–2), 385–394. https://doi.org/10.1007/s11104-011-1112-4

Njoku, E. G., & Entekhabi, D. (1996). Passive microwave remote sensing of soil moisture. Journal of Hydrology, 184(1–2), 101–129. https://doi.
org/10.1016/0022-1694(95)02970-2

Njoku, E. G., Jackson, T. J., Lakshmi, V., Chan, T. K., & Nghiem, S. V. (2003). Soil moisture retrieval from AMSR-E. IEEE Transactions on 
Geoscience and Remote Sensing, 41(2), 215–228. https://doi.org/10.1109/TGRS.2002.808243

Njoku, E. G., & Kong, J.-A. (1977). Theory for passive microwave remote sensing of near-surface soil moisture. Journal of Geophysical Research, 
82(20), 3108–3118. https://doi.org/10.1029/JB082i020p03108

Njoku, E. G., & O’Neill, P. E. (1982). Multifrequency microwave radiometer measurements of soil moisture. IEEE Transactions on Geoscience 
and Remote Sensing, 20(4), 468–475. https://doi.org/10.1109/igarss.1990.688877

Ogle, K., Wolpert, R. L., & Reynolds, J. F. (2004). Reconstructing plant root area and water uptake profiles. Ecology, 85(7), 1967–1978. https://
doi.org/10.1890/03-0346

Or, D. (2020). The Tyranny of small scales—On representing soil processes in global land surface models. Water Resources Research, 56, 1–9. 
https://doi.org/10.1029/2019WR024846

Or, D., & Lehmann, P. (2019). Surface evaporative capacitance: How soil type and rainfall characteristics affect global-scale surface evaporation. 
Water Resources Research, 55, 519–539. https://doi.org/10.1029/2018WR024050

Owe, M., & Van De Griend, A. A. (1998). Comparison of soil moisture penetration depths for several bare soils at two microwave frequencies and 
implications for remote sensing. Water Resources Research, 34(9), 2319–2327. https://doi.org/10.1029/98WR01469

Pampaloni, P., Paloscia, S., Chiarantini, L., Coppo, P., Gagliani, S., & Luzi, G. (1990). Sampling depth of soil moisture content by radiomet-
ric measurement at 21 cm wavelength: Some experimental results. International Journal of Remote Sensing, 11(6), 1085–1092. https://doi.
org/10.1080/01431169008955080

Peng, J., Albergel, C., Balenzano, A., Brocca, L., Cartus, O., Cosh, M. H., et  al. (2021). A roadmap for high-resolution satellite soil mois-
ture applications – Confronting product characteristics with user requirements. Remote Sensing of Environment, 252, 112162. https://doi.
org/10.1016/j.rse.2020.112162

Peng, J., Loew, A., Merlin, O., & Verhoest, N. E. C. (2017). A review of spatial downscaling of satellite remotely sensed soil moisture. Reviews 
of Geophysics, 55, 341–366. https://doi.org/10.1029/88EO01108

Phillips, M. L., Mcnellis, B. E., Howell, A., Lauria, C. M., Belnap, J., & Reed, S. C. (2022). Biocrusts mediate a new mechanism for land degra-
dation under a Changing Climate. Nature Climate Change, 12(1), 71–76. https://doi.org/10.1038/s41558-021-01249-6

Prechsl, U. E., Burri, S., Gilgen, A. K., Kahmen, A., & Buchmann, N. (2015). No shift to a deeper water uptake depth in response to summer 
drought of two lowland and sub-alpine C3-grasslands in Switzerland. Oecologia, 177(1), 97–111. https://doi.org/10.1007/s00442-014-3092-6

Purdy, A. J., Fisher, J. B., Goulden, M. L., Colliander, A., Halverson, G., Tu, K., & Famiglietti, J. S. (2018). SMAP soil moisture improves global 
evapotranspiration. Remote Sensing of Environment, 219, 1–14. https://doi.org/10.1016/j.rse.2018.09.023

Qiu, J., Crow, W. T., & Nearing, G. S. (2016). The impact of vertical measurement depth on the information content of soil moisture for latent 
heat flux estimation. Journal of Hydrometeorology, 17(9), 2419–2430. https://doi.org/10.1175/JHM-D-16-0044.1

Qiu, J., Crow, W. T., Nearing, G. S., Mo, X., & Liu, S. (2014). The impact of vertical measurement depth on the information content of soil 
moisture times series data. Geophysical Research Letters, 41, 4997–5004. https://doi.org/10.1002/2014GL060017

Quegan, S., Le Toan, T., Chave, J., Dall, J., Exbrayat, J. F., Minh, D. H. T., et al. (2019). The European Space Agency BIOMASS mission: 
Measuring forest above-ground biomass from space. Remote Sensing of Environment, 227, 44–60. https://doi.org/10.1016/j.rse.2019.03.032

Rao, K. S., Chandra, G., & Rao, P. V. N. (1988). Study on penetration depth and its dependence on frequency, soil moisture, texture and temper-
ature in the context of microwave remote sensing. Journal of the Indian Society of Remote Sensing, 16(2), 7–19. https://doi.org/10.1007/
BF03014300

Reichle, R. H., Liu, Q., Koster, R. D., Crow, W. T., De Lannoy, G. J. M., Kimball, J. S., et al. (2019). Version 4 of the SMAP Level-4 soil moisture 
algorithm and data product. Journal of Advances in Modeling Earth Systems, 11, 3106–3130. https://doi.org/10.1029/2019MS001729

Rodell, M., & Famiglietti, J. S. (2001). An analysis of terrestrial water storage variations in Illinois with implications for the Gravity Recovery and 
Climate Experiment (GRACE). Water Resources Research, 37(5), 1327–1339. https://doi.org/10.1029/2000WR900306

 19447973, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033814, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.rse.2016.02.062
https://doi.org/10.3390/rs10040519
https://doi.org/10.5194/hess-7-937-2003
https://doi.org/10.1109/36.655342
https://doi.org/10.1109/36.655342
https://doi.org/10.1038/ngeo2868
https://doi.org/10.1038/s41586-021-03761-3
https://doi.org/10.1038/s41586-021-03958-6
https://doi.org/10.1038/s41586-021-03958-6
https://doi.org/10.1029/2000JD900058
https://doi.org/10.1073/pnas.1204330109
https://doi.org/10.1002/eco
https://doi.org/10.1038/372666a0
https://doi.org/10.1109/TGRS.1982.350443
https://doi.org/10.1111/1365-2435.12390
https://doi.org/10.1007/s11104-011-1112-4
https://doi.org/10.1016/0022-1694(95)02970-2
https://doi.org/10.1016/0022-1694(95)02970-2
https://doi.org/10.1109/TGRS.2002.808243
https://doi.org/10.1029/JB082i020p03108
https://doi.org/10.1109/igarss.1990.688877
https://doi.org/10.1890/03-0346
https://doi.org/10.1890/03-0346
https://doi.org/10.1029/2019WR024846
https://doi.org/10.1029/2018WR024050
https://doi.org/10.1029/98WR01469
https://doi.org/10.1080/01431169008955080
https://doi.org/10.1080/01431169008955080
https://doi.org/10.1016/j.rse.2020.112162
https://doi.org/10.1016/j.rse.2020.112162
https://doi.org/10.1029/88EO01108
https://doi.org/10.1038/s41558-021-01249-6
https://doi.org/10.1007/s00442-014-3092-6
https://doi.org/10.1016/j.rse.2018.09.023
https://doi.org/10.1175/JHM-D-16-0044.1
https://doi.org/10.1002/2014GL060017
https://doi.org/10.1016/j.rse.2019.03.032
https://doi.org/10.1007/BF03014300
https://doi.org/10.1007/BF03014300
https://doi.org/10.1029/2019MS001729
https://doi.org/10.1029/2000WR900306


Water Resources Research

FELDMAN ET AL.

10.1029/2022WR033814

15 of 17

Roth, L. E., & Elachi, C. (1975). Coherent electromagnetic losses by scattering from volume inhomogeneities. IEEE Transactions on Antennas 
and Propagation, 23(5), 674–675. https://doi.org/10.1109/tap.1975.1141170

Salvucci, G. D. (1997). Soil and moisture independent estimation of stage-two evaporation from potential evaporation and albedo or surface temper-
ature approximately preserve similarity during simultaneous. Water Resources Research, 33(1), 111–122. https://doi.org/10.1029/96WR02858

Santanello, J. A., Lawston, P., Kumar, S., & Dennis, E. (2019). Understanding the impacts of soil moisture initial conditions on NWP in the 
context of land-atmosphere coupling. Journal of Hydrometeorology, 20(5), 793–819. https://doi.org/10.1175/JHM-D-18-0186.1

Schenk, H. J., & Jackson, R. B. (2002b). The global biogeography of roots. Ecological Monographs, 72(3), 311–328. https://doi.org/10.1890/ 
0012-9615(2002)072[0311:TGBOR]2.0.CO;2

Schenk, H. J., & Jackson, R. B. (2002a). Rooting depths, lateral root spreads and below-ground/above-ground allometries of plants in water-limited 
ecosystems. Journal of Ecology, 90(3), 480–494. https://doi.org/10.1046/j.1365-2745.2002.00682.x

Schimel, D., Pavlick, R., Fisher, J. B., Asner, G. P., Saatchi, S., Townsend, P., et al. (2015). Observing terrestrial ecosystems and the carbon cycle 
from space. Global Change Biology, 21(5), 1762–1776. https://doi.org/10.1111/gcb.12822

Schmugge, T. J. (1983). Remote sensing of soil moisture: Recent advances. Advances in Space Research, 21(3), 336–334. https://doi.
org/10.1016/0273-1177(87)90304-8

Scott, C. A., Bastiaanssen, W. G. M., & Ahmad, M.-D. (2003). Mapping root zone soil moisture using remotely sensed optical imagery. Journal 
of Irrigation and Drainage Engineering, 129(5), 326–335. https://doi.org/10.1061/(ASCE)0733-9437(2003)129:5(326)

Scott, R. L., & Biederman, J. A. (2019). Critical zone water balance over 13 Years in a semiarid savanna. Water Resources Research, 55, 574–588. 
https://doi.org/10.1029/2018WR023477

Sehgal, V., Gaur, N., & Mohanty, B. P. (2021). Global surface soil moisture drydown patterns. Water Resources Research, 57, e2020WR027588. 
https://doi.org/10.1029/2020WR027588

Shen, X., Walker, J. P., Ye, N., Wu, X., Boopathi, N., Yeo, I. Y., et al. (2021). Soil moisture retrieval depth of P- and L-band radiometry: Predictions 
and observations. IEEE Transactions on Geoscience and Remote Sensing, 59(8), 6814–6822. https://doi.org/10.1109/TGRS.2020.3026384

Short Gianotti, D. J., Akbar, R., Feldman, A. F., Salvucci, G. D., & Entekhabi, D. (2020). Terrestrial evaporation and moisture drainage in a 
warmer climate. Geophysical Research Letters, 47, e2019GL086498. https://doi.org/10.1029/2019GL086498

Short Gianotti, D. J., Salvucci, G. D., Akbar, R., McColl, K. A., Cuenca, R., & Entekhabi, D. (2019). Landscape water storage and subsur-
face correlation from satellite surface soil moisture and precipitation observations. Water Resources Research, 55, 9111–9132. https://doi.
org/10.1029/2019WR025332

Stocker, B. D., Tumber-d, S. J., Konings, A. G., Anderson, M. B., Hain, C., & Jackson, R. B. (2021). Global distribution of the rooting zone water 
storage capacity reflects plant adaptation to the environment (pp. 1–20). Cold Spring Harbor Laboratory.

Taylor, C. M., De Jeu, R. A. M., Harris, P. P., Dorigo, W. A., & Africa, W. (2012). Afternoon rain more likely over drier soils. Nature, 489(7416), 
423–426. https://doi.org/10.1038/nature11377

Tsang, L., Njoku, E., & Kong, J. A. (1975). Microwave thermal emission from a stratified medium with nonuniform temperature distribution. 
Journal of Applied Physics, 46(12), 5127–5133. https://doi.org/10.1063/1.321571

Tumber-Dávila, S. J., & Malhotra, A. (2020). Fast plants in deep water: Introducing the whole-soil column perspective. New Phytologist, 225(1), 
7–9. https://doi.org/10.1111/nph.16302

Tumber-Dávila, S. J., Schenk, H. J., Du, E., & Jackson, R. B. (2022). Plant sizes and shapes above- and belowground and their interactions with 
climate. New Phytologist, 235(3), 1032–1056. https://doi.org/10.1111/nph.18031

Tuttle, S., & Salvucci, G. (2016). Empirical evidence of contrasting soil moisture-precipitation feedbacks across the United States. Science, 
352(6287), 825–827. https://doi.org/10.1126/science.aaa7185

Ulaby, F. T., & Long, D. G. (2014). Microwave radar and radiometric remote sensing. University of Michigan Press.
Vereecken, H., Amelung, W., Bauke, S. L., Bogena, H., Brüggemann, N., Montzka, C., et al. (2022). Soil hydrology in the Earth system. Nature 

Reviews Earth & Environment, 3(9), 573–587. https://doi.org/10.1038/s43017-022-00324-6
Wang, J. R. (1987). Smooth bare fields and sampling depth. IEEE Transactions on Geoscience and Remote Sensing, 5, 616–622. https://doi.

org/10.1109/tgrs.1987.289840
Wang-Erlandsson, L., Bastiaanssen, W. G. M., Gao, H., Jägermeyr, J., Senay, G. B., Van Dijk, A. I. J. M., et al. (2016). Global root zone storage 

capacity from satellite-based evaporation. Hydrology and Earth System Sciences, 20(4), 1459–1481. https://doi.org/10.5194/hess-20-1459-2016
Werner, C., Meredith, L. K., Ladd, S. N., Ingrisch, J., Kübert, A., van Haren, J., et al. (2021). Ecosystem fluxes during drought and recovery in 

an experimental forest. Science, 374(6574), 1514–1518. https://doi.org/10.1126/science.abj6789
Wilheit, T. T. (1978). Radiative transfer in a plane stratified dielectric. IEEE Transactions on Geoscience Electronics, 16(2), 138–143. https://

doi.org/10.1109/TGE.1978.294577
Xiong, S., Muller, J. P., & Li, G. (2017). The application of ALOS/PALSAR InSAR to measure subsurface penetration depths in deserts. Remote 

Sensing, 9(6), 1–19. https://doi.org/10.3390/rs9060638
Zhang, Z., Chatterjee, A., Ott, L., Reichle, R., Feldman, A. F., & Poulter, B. (2022). Soil moisture controls on seasonal and interannual terrestrial 

carbon fluxes: Potential of directly inserting SMAP soil moisture into a carbon cycle model. Remote Sensing, 14, 2405.
Zhou, S., Williams, A. P., Lintner, B. R., Berg, A. M., Zhang, Y., Keenan, T. F., et al. (2021). Soil moisture–atmosphere feedbacks mitigate 

declining water availability in drylands. Nat. Clim. Chang., 11(1), 38–44. https://doi.org/10.1038/s41558-020-00945-z
Zwieback, S., Bosch, D. D., Cosh, M. H., Starks, P. J., & Berg, A. (2019). Vegetation–soil moisture coupling metrics from dual-polarization 

microwave radiometry using regularization. Remote Sensing of Environment, 231, 111257. https://doi.org/10.1016/j.rse.2019.111257
Zwieback, S., Hensley, S., & Hajnsek, I. (2015). Assessment of soil moisture effects on L-band radar interferometry. Remote Sensing of Environ-

ment, 164, 77–89. https://doi.org/10.1016/j.rse.2015.04.012

References From the Supporting Information
Asbjornsen, H., Mora, G., & Helmers, M. J. (2007). Variation in water uptake dynamics among contrasting agricultural and native plant commu-

nities in the Midwestern. U.S. Agriculture Ecosystems & Environment, 121(4), 343–356. https://doi.org/10.1016/j.agee.2006.11.009
Bachmann, D., Gockele, A., Ravenek, J. M., Roscher, C., Strecker, T., Weigelt, A., & Buchmann, N. (2015). No evidence of complementary 

water use along a plant species richness gradient in temperate experimental grasslands. PLoS One, 10, 1–14. https://doi.org/10.1371/journal.
pone.0116367

Brinkmann, N., Eugster, W., Buchmann, N., & Kahmen, A. (2019). Species-specific differences in water uptake depth of mature temperate trees 
vary with water availability in the soil. Plant Biology, 21(1), 71–81. https://doi.org/10.1111/plb.12907

 19447973, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033814, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1109/tap.1975.1141170
https://doi.org/10.1029/96WR02858
https://doi.org/10.1175/JHM-D-18-0186.1
https://doi.org/10.1890/0012-9615(2002)072%5B0311:TGBOR%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2002)072%5B0311:TGBOR%5D2.0.CO;2
https://doi.org/10.1046/j.1365-2745.2002.00682.x
https://doi.org/10.1111/gcb.12822
https://doi.org/10.1016/0273-1177(87)90304-8
https://doi.org/10.1016/0273-1177(87)90304-8
https://doi.org/10.1061/(ASCE)0733-9437(2003)129:5(326)
https://doi.org/10.1029/2018WR023477
https://doi.org/10.1029/2020WR027588
https://doi.org/10.1109/TGRS.2020.3026384
https://doi.org/10.1029/2019GL086498
https://doi.org/10.1029/2019WR025332
https://doi.org/10.1029/2019WR025332
https://doi.org/10.1038/nature11377
https://doi.org/10.1063/1.321571
https://doi.org/10.1111/nph.16302
https://doi.org/10.1111/nph.18031
https://doi.org/10.1126/science.aaa7185
https://doi.org/10.1038/s43017-022-00324-6
https://doi.org/10.1109/tgrs.1987.289840
https://doi.org/10.1109/tgrs.1987.289840
https://doi.org/10.5194/hess-20-1459-2016
https://doi.org/10.1126/science.abj6789
https://doi.org/10.1109/TGE.1978.294577
https://doi.org/10.1109/TGE.1978.294577
https://doi.org/10.3390/rs9060638
https://doi.org/10.1038/s41558-020-00945-z
https://doi.org/10.1016/j.rse.2019.111257
https://doi.org/10.1016/j.rse.2015.04.012
https://doi.org/10.1016/j.agee.2006.11.009
https://doi.org/10.1371/journal.pone.0116367
https://doi.org/10.1371/journal.pone.0116367
https://doi.org/10.1111/plb.12907


Water Resources Research

FELDMAN ET AL.

10.1029/2022WR033814

16 of 17

Brooks, J. R., Meinzer, F. C., Coulombe, R., & Gregg, J. (2002). Hydraulic redistribution of soil water during summer drought in two contrasting 
Pacific Northwest coniferous forests. Tree Physiology, 22(15–16), 1107–1117. https://doi.org/10.1093/treephys/22.15-16.1107

Chimner, R. A., & Cooper, D. J. (2004). Using stable oxygen isotopes to quantify the water source used for transpiration by native shrubs in the 
San Luis Valley, Colorado U.S.A. Plant and Soil, 260(1/2), 225–236. https://doi.org/10.1023/B:PLSO.0000030190.70085.e9

Clément, C., Sleiderink, J., Svane, S. F., Smith, A. G., Diamantopoulos, E., Desbrøll, D. B., & Thorup-Kristensen, K. (2022). Comparing the deep 
root growth and water uptake of intermediate wheatgrass (Kernza®) to alfalfa. Plant and Soil, 472(1–2), 369–390. https://doi.org/10.1007/
s11104-021-05248-6

Dai, Y., Zheng, X.-J., Tang, L.-S., & Li, Y. (2015). Stable oxygen isotopes reveal distinct water use patterns of two Haloxylon species in the 
Gurbantonggut Desert. Plant and Soil, 389(1–2), 73–87. https://doi.org/10.1007/s

Eggemeyer, K. D., Awada, T., Harvey, F. E., Wedin, D. A., Zhou, X., & Zanner, C. W. (2009). Seasonal changes in depth of water uptake for 
encroaching trees Juniperus virginiana and Pinus ponderosa and two dominant C4 grasses in a semiarid grassland. Tree Physiology, 29(2), 
157–169. https://doi.org/10.1093/treephys/tpn019

Ellsworth, P. Z., & Sternberg, L. S. L. (2015). Seasonal water use by deciduous and evergreen woody species in a scrub community is based on 
water availability and root distribution. Ecohydrology, 8(4), 538–551. https://doi.org/10.1002/eco.1523

Goldsmith, G. R., Muñoz-Villers, L. E., Holwerda, F., Mcdonnell, J. J., Asbjornsen, H., & Dawson, T. E. (2012). Stable isotopes reveal linkages 
among ecohydrological processes in a seasonally dry tropical montane cloud forest. Ecohydrology, 5(6), 779–790. https://doi.org/10.1002/
eco.268

Hahn, M., Jacobs, S. R., Breuer, L., Rufino, M. C., & Windhorst, D. (2021). Variability in tree water uptake determined with stable water isotopes 
in an African tropical montane forest. Ecohydrology, 14(3), 1–14. https://doi.org/10.1002/eco.2278

Hartsough, P., Poulson, S. R., Biondi, F., & Estrada, I. G. (2008). Stable isotope characterization of the ecohydrological cycle at a tropical treeline 
site. Arctic, Antarctic, and Alpine Research, 40(2), 343–354. https://doi.org/10.1657/1523-0430(06-117)[HARTSOUGH]2.0.CO;2

Hoekstra, N. J., Finn, J. A., Hofer, D., & Lüscher, A. (2014). The effect of drought and interspecific interactions on depth of water uptake in deep- 
and shallow-rooting grassland species as determined by δ 18O natural abundance. Biogeosciences, 11(16), 4493–4506. https://doi.org/10.5194/
bg-11-4493-2014

Jackson, P. C., Cavelier, J., Goldstein, G., Meinzer, F. C., & Holbrook, N. M. (1995). Partitioning of water resources among plants of a lowland 
tropical forest. Oecologia, 101(2), 197–203. https://doi.org/10.1007/BF00317284

Jackson, P. C., Meinzer, F. C., Bustamante, M., Goldstein, G., Franco, A., Rundel, P. W., et al. (1999). Partitioning of soil water among tree species 
in a Brazilian Cerrado ecosystem. Tree Physiology, 19(11), 717–724. https://doi.org/10.1093/treephys/19.11.717

Li, S. G., Tsujimura, M., Sugimoto, A., Sasaki, L., Yamanaka, T., Davaa, G., et al. (2006). Seasonal variation in oxygen isotope composition of 
waters for a montane larch forest in Mongolia. Trees—Structure and Function, 20(1), 122–130. https://doi.org/10.1007/s00468-005-0019-1

Liu, W., Liu, W., Li, P., Duan, W., & Li, H. (2010). Dry season water uptake by two dominant canopy tree species in a tropical seasonal rainforest 
of Xishuangbanna, SW China. Agricultural and Forest Meteorology, 150(3), 380–388. https://doi.org/10.1016/j.agrformet.2009.12.006

Liu, Y., Xu, Z., Duffy, R., Chen, W., An, S., Liu, S., & Liu, F. (2011). Analyzing relationships among water uptake patterns, rootlet biomass 
distribution and soil water content profile in a subalpine shrubland using water isotopes. European Journal of Soil Biology, 47(6), 380–386. 
https://doi.org/10.1016/j.ejsobi.2011.07.012

Liu, Y., Zhang, X., Zhao, S., Ma, H., Qi, G., & Guo, S. (2019). The depth of water taken up by Walnut trees during different phenological stages 
in an irrigated arid hilly area in the Taihang Mountains. Forests, 10(2), 121. https://doi.org/10.3390/f10020121

Ma, Y., & Song, X. (2018). Seasonal variations in water uptake patterns of winter wheat under different irrigation and fertilization treatments. 
Water (Switzerland), 10(11), 1633. https://doi.org/10.3390/w10111633

Meinzer, F. C., Luis, J., Goldstein, G., Holbrook, N. M., Cavelier, J., & Wright, S. J. (1999). Partitioning of soil water among canopy trees in a 
seasonally dry tropical forest. Oecologia, 121(3), 293–301. https://doi.org/10.1007/s004420050931

Moreira, M. Z., Sternberg, L. D. S., & Nepstad, D. C. (2000). Vertical patterns of soil water uptake by plants in a primary forest and an abandoned 
pasture in the eastern Amazon: An isotopic approach. Plant and Soil, 222(1/2), 95–107. https://doi.org/10.1023/a:1004773217189

Muñoz-Villers, L. E., Geris, J., Alvarado-Barrientos, M. S., Holwerda, F., & Dawson, T. (2020). Coffee and shade trees show complementary 
use of soil water in a traditional agroforestry ecosystem. Hydrology and Earth System Sciences, 24(4), 1649–1668. https://doi.org/10.5194/
hess-24-1649-2020

Nippert, J. B., & Knapp, A. K. (2007). Linking water uptake with rooting patterns in grassland species. Oecologia, 153(2), 261–272. https://doi.
org/10.1007/s00442-007-0745-8

Ohte, N., Koba, K., Yoshikawa, K., Sugimoto, A., Matsuo, N., Kabeya, N., & Wang, L. (2003). Water utilization of natural and planted trees 
in the semiarid desert of inner Mongolia, China published by: Ecological society of America water utilization of natural and planted trees in 
the semiarid desert of Inner Mongolia, China. Ecological Applications, 13(2), 337–351. https://doi.org/10.1890/1051-0761(2003)013[0337:
WUONAP]2.0.CO;2

Penna, D., Zanotelli, D., Scandellari, F., Aguzzoni, A., Engel, M., Tagliavini, M., & Comiti, F. (2021). Water uptake of apple trees in the Alps: 
Where does irrigation water go? Ecohydrology, 14(6), 1–16. https://doi.org/10.1002/eco.2306

Plamboeck, A. H., Grip, H., & Nygren, U. (1999). A hydrological tracer study of water uptake depth in a Scots pine forest under two different 
water regimes. Oecologia, 119(3), 452–460. https://doi.org/10.1007/s004420050807

Ratajczak, Z., Nippert, J. B., Hartman, J. C., & Ocheltree, T. W. (2011). Positive feedbacks amplify rates of woody encroachment in mesic tall-
grass prairie. Ecosphere, 2(11), art121. https://doi.org/10.1890/ES11-00212.1

Retzlaff, W. A., Blaisdell, G. K., & Topa, M. A. (2001). Seasonal changes in water source of four families of loblolly pine (Pinus taeda L.). Trees 
- Structure and Function, 15(3), 154–162. https://doi.org/10.1007/s004680100087

Schulze, E. D., Mooney, H. A., Sala, O. E., Jobbagy, E., Buchmann, N., Bauer, G., et al. (1996). Rooting depth, water availability, and vegetation 
cover along an aridity gradient in Patagonia. Oecologia, 108(3), 503–511. https://doi.org/10.1007/BF00333727

Sun, Q., Klaus, V. H., Wittwer, R., Liu, Y., van der Heijden, M. G. A., Gilgen, A. K., & Buchmann, N. (2021). Water uptake patterns of pea and 
barley responded to drought but not to cropping systems. Biogeosciences Discussions, 1–37. https://doi.org/10.5194/bg-2021-217

Wang, P., Song, X., Han, D., Zhang, Y., & Liu, X. (2010). A study of root water uptake of crops indicated by hydrogen and oxygen stable isotope: 
A case in Shanxi Province, China. Agricultural Water Management, 97(3), 475–482. https://doi.org/10.1080/10643389.2012.728825

Weltzin, J. F., & McPherson, G. R. (1997). Spatial and temporal soil moisture resource partitioning by trees and grasses in a temperate savanna, 
Arizona, USA. Oecologia, 112(2), 156–164. https://doi.org/10.1007/s004420050295

Williams, D. G., & Ehleringer, J. R. (2000). Intra- and interspecific variation for summer precipitation use in pinyon-juniper woodlands. Ecolog-
ical Monographs, 70(4), 517–537. https://doi.org/10.1890/0012-9615(2000)070[0517:IAIVFS]2.0.CO;2

Wu, Y., Du, T., Li, F., Li, S., Ding, R., & Tong, L. (2016). Quantification of maize water uptake from different layers and root zones under alter-
nate furrow irrigation using stable oxygen isotope. Agricultural Water Management, 168, 35–44. https://doi.org/10.1016/j.agwat.2016.01.013

 19447973, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033814, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/treephys/22.15-16.1107
https://doi.org/10.1023/B:PLSO.0000030190.70085.e9
https://doi.org/10.1007/s11104-021-05248-6
https://doi.org/10.1007/s11104-021-05248-6
https://doi.org/10.1007/s
https://doi.org/10.1093/treephys/tpn019
https://doi.org/10.1002/eco.1523
https://doi.org/10.1002/eco.268
https://doi.org/10.1002/eco.268
https://doi.org/10.1002/eco.2278
https://doi.org/10.1657/1523-0430(06-117)%5BHARTSOUGH%5D2.0.CO;2
https://doi.org/10.5194/bg-11-4493-2014
https://doi.org/10.5194/bg-11-4493-2014
https://doi.org/10.1007/BF00317284
https://doi.org/10.1093/treephys/19.11.717
https://doi.org/10.1007/s00468-005-0019-1
https://doi.org/10.1016/j.agrformet.2009.12.006
https://doi.org/10.1016/j.ejsobi.2011.07.012
https://doi.org/10.3390/f10020121
https://doi.org/10.3390/w10111633
https://doi.org/10.1007/s004420050931
https://doi.org/10.1023/a:1004773217189
https://doi.org/10.5194/hess-24-1649-2020
https://doi.org/10.5194/hess-24-1649-2020
https://doi.org/10.1007/s00442-007-0745-8
https://doi.org/10.1007/s00442-007-0745-8
https://doi.org/10.1890/1051-0761(2003)013%5B0337:WUONAP%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)013%5B0337:WUONAP%5D2.0.CO;2
https://doi.org/10.1002/eco.2306
https://doi.org/10.1007/s004420050807
https://doi.org/10.1890/ES11-00212.1
https://doi.org/10.1007/s004680100087
https://doi.org/10.1007/BF00333727
https://doi.org/10.5194/bg-2021-217
https://doi.org/10.1080/10643389.2012.728825
https://doi.org/10.1007/s004420050295
https://doi.org/10.1890/0012-9615(2000)070%5B0517:IAIVFS%5D2.0.CO;2
https://doi.org/10.1016/j.agwat.2016.01.013


Water Resources Research

FELDMAN ET AL.

10.1029/2022WR033814

17 of 17

Wu, Y., Zhou, H., Zheng, X. J., Li, Y., & Tang, L. S. (2014). Seasonal changes in the water use strategies of three co-occurring desert shrubs. 
Hydrological Processes, 28(26), 6265–6275. https://doi.org/10.1002/hyp.10114

Yang, B., Wen, X., & Sun, X. (2015). Irrigation depth far exceeds water uptake depth in an oasis cropland in the middle reaches of Heihe River 
Basin. Scientific Reports, 5, 1–12. https://doi.org/10.1038/srep15206

Zhu, Y., Jia, Z., & Yang, X. (2011). Resource-dependent water use strategy of two desert shrubs on interdune, Northwest China. Journal of Food 
Agriculture and Environment, 9, 832–835.

 19447973, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
033814, W

iley O
nline L

ibrary on [07/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/hyp.10114
https://doi.org/10.1038/srep15206


 

 

1 

 

 

Water Resources Research 

Supporting Information for 

Remotely sensed soil moisture can capture dynamics relevant to plant water uptake 

Andrew F. Feldman1,2, Daniel J. Short Gianotti3, Jianzhi Dong3, Ruzbeh Akbar3, Wade T. Crow4, 
Kaighin A. McColl5,6, Alexandra G. Konings7, Jesse B. Nippert8, Shersingh Joseph Tumber-Dávila9, 
Noel M. Holbrook10, Fulton E. Rockwell10, Russell L. Scott11, Rolf H. Reichle12, Abhishek 
Chatterjee13, Joanna Joiner14, Benjamin Poulter1, Dara Entekhabi3 

 
1Biospheric Sciences Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD, USA 
2NASA Postdoctoral Program, NASA Goddard Space Flight Center, Greenbelt, MD, USA 
3Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, 
Cambridge, Massachusetts, USA 
4USDA ARS Hydrology and Remote Sensing Laboratory, Beltsville, Maryland, USA 
5Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA, USA 
6Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University, 

Cambridge, MA, USA 
7Department of Earth System Science, Stanford University, Stanford, California, USA 
8Division of Biology, Kansas State University, Manhattan, KS, USA 
9Harvard Forest, Harvard University, Petersham, MA, USA 
10Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, MA, USA 
11USDA ARS Southwest Watershed Research Center, Tucson, AZ, USA 
12Global Modeling and Assimilation Office, NASA Goddard Space Flight Center, Greenbelt, MD, 
USA 
13Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA 
14Atmospheric Chemistry and Dynamics Laboratory, NASA Goddard Space Flight Center, 
Greenbelt, MD, USA 
 
 

Contents of this file  
 

Table S1 

Introduction  

This file includes Table S1 and its references that are used to create Figure 3. 

 

 



 

 

2 

 

Table S1. Field isotropic tracer studies across the globe as displayed in Fig. 3. 
Crop species are specified and partitioned in the table due to wide variability of 
cultivated vegetation types (includes both herbaceous and woody species). This 
dataset is stored in https://doi.org/10.5281/zenodo.7527459. 

Reference 
Reference 

Index 
Plant 

Category 
Latitude Longitude 

Mean 
Annual 

Precipitation 
(mm) 

Uptake 
Range 

Top 
(cm) 

Uptake 
Range 
Bottom 

(cm) 

Isotope 
Sampling 
Months 

Decay 
of 
Water 
Uptake 
With 
Depth 

Temporary 
Uptake of 
Upper 
Layers 

Asbjornsen 
et al. 2007 1 

Crop 
(Corn) 41.5 -93.25 882 0 20 Jul. No No 

Asbjornsen 
et al. 2008 2 Grass 41.5 -93 882 0 20 

May to 
Sep. No No 

Asbjornsen 
et al. 2008 2 

Crop 
(Soybean) 41.5 -93 882 0 20 

May to 
Sep. No No 

Asbjornsen 
et al. 2008 2 

Crop 
(Corn) 41.5 -93 882 0 20 

May to 
Sep. No No 

Asbjornsen 
et al. 2008 2 Shrub 41.5 -93 882 0 55 

May to 
Sep. Yes Yes 

Asbjornsen 
et al. 2008 2 Tree 41.5 -93 882 0 150 

May to 
Sep. No Yes 

Bachmann 
et al. 2015 3 Grass 50.9 11.5 587 0 10 

Apr., 
Jun., 
Sep. No No 

Brinkmann 
et al. 2019 4 Tree 47.5 8.3 1110 0 70 

Apr. to 
Nov. No Yes 

Brooks et 
al. 2002 5 Tree 44 -121 550 0 200 

Jul. to 
Sep. No Yes 

Case et al. 
2020 6 Grass -24 31.5 479 0 10 

May, 
Jun. No No 

Case et al. 
2020 6 Tree -24 31.5 479 0 50 

May, 
Jun. Yes Yes 

Case et al. 
2020 6 Grass -24 31.5 510 0 20 

May, 
Jun. Yes No 

Case et al. 
2020 6 Tree -24 31.5 510 0 100 

May, 
Jun. No No 

Case et al. 
2020 6 Grass -24 31.5 600 0 50 

May, 
Jun. Yes Yes 

Case et al. 
2020 6 Tree -24 31.5 600 0 100 

May, 
Jun. Yes Yes 

Chimner et 
al. 2004 7 Shrub 37.7 -105.8 121 0 200 

Jun., 
Aug. No Yes 

Clement et 
al. 2022 8 

Crop 
(Alfalfa) 55.7 12.3 523 0 100 

Jun. to 
Aug. Yes Yes 

Clement et 
al. 2022 8 

Crop 
(Wheatgra
ss) 55.7 12.3 523 0 100 

Jun. to 
Aug. Yes Yes 

Dai et al. 
2015 9 Shrub 44.33 87.9 125 0 300 

Apr. to 
Sep. No Yes 

Eggemeyer 
et al. 2009 10 Grass 41.9 -100.3 573 5 50 

Jan. to 
Nov. No No 

Eggemeyer 
et al. 2009 10 Tree 41.9 -100.3 573 5 90 

Jan. to 
Nov. Yes Yes 

Ellsworth 
et al. 2015 11 Tree 27.2 -81.33 1346 20 150 

Jan. to 
Dec. No No 

Goldsmith 
et al. 2012 12 Tree 19.75 -97 3186 0 40 

Mar., 
May No No 

Goldsmith 
et al. 2012 12 Tree 19.75 -97 3186 60 80 

Mar., 
May No No 

Hahn et al. 
2021 13 Tree 0.5 35.3 1988 0 150 

Sep. to 
Dec. Yes Yes 

Hartsough 
et al. 2008 14 Tree 19.5 -103.5 1100 0 30 

Mar., 
Nov. No No 

Hoekstra et 
al. 2014 15 Grass 47.47 8.9 927 0 40 

Jun. to 
Aug. No No 

Hoekstra et 
al. 2014 15 Grass 47.4 8.5 1176 0 40 

Jun. to 
Aug. No No 

Jackson et 
al. 1995 16 Tree 9 -79.5 2600 20 100 

Dec. to 
May No No 
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Jackson et 
al. 1999 17 Tree -15.8 -47.8 1550 0 300 

Aug., 
Sep. No No 

Kulmatiski 
et al. 2010 

18 

Grass -25 31.5 746 0 20 

Oct., 
Nov., 
Feb., 
Apr. Yes No 

Kulmatiski 
et al. 2010 

18 

Tree -25 31.5 746 0 50 

Oct., 
Nov., 
Feb., 
Apr. No No 

Kulmatiski 
et al. 2013 

19 
Grass -25 31.5 746 0 20 

Nov., 
Feb., 
May Yes No 

Kulmatiski 
et al. 2013 

19 
Tree -25 31.5 746 0 20 

Nov., 
Feb., 
May Yes No 

Le Roux et 
al. 1995  20 Grass 6.25 -5 1210 10 20 

May, 
Nov., 
Jan. No No 

Le Roux et 
al. 1995  20 Shrub 6.25 -5 1210 10 30 

May, 
Nov., 
Jan. No No 

Li et al. 
2006 21 Tree 48 108.5 296 0 30 

Jun. to 
Oct. No No 

Liu et al. 
2010 22 Tree 21.9 101.25 1487 0 60 

Mar., 
Dec. No Yes 

Liu et al. 
2010 22 Tree 21.9 101.25 1487 0 150 

Mar., 
Dec. No Yes 

Liu et al. 
2011 23 Shrub 30.85 103 711 0 30 Aug. No No 

Liu et al. 
2019 24 Tree 37.5 114.5 521 0 40 

Mar. to 
Sep. No No 

Ma et al. 
2018 25 

Crop 
(Wheat) 39.5 116.5 540 0 70 Jul., Aug. Yes Yes 

Meinzer et 
al. 1999 

26 
Tree 9 -79.5 2600 0 100 

Jan. to 
May No Yes 

Moreira et 
al. 2000 27 Grass -3 -47 1800 0 100 

Apr. Jun., 
Jul., Dec. Yes No 

Moreira et 
al. 2000 27 Shrub -3 -47 1800 0 25 

Apr. Jun., 
Jul., Dec. No No 

Munoz-
Villers et 
al. 2020 28 

Crop 
(Coffee) 19.5 -97 1765 0 15 

Jan. to 
May, 
Aug. No No 

Munoz-
Villers et 
al. 2020 28 Tree 19.5 -97 1765 0 120 

Jan. to 
May, 
Aug. Yes Yes 

Nippert 
and Knapp 
2007 29 Grass 39 -96 850 0 30 

Jun. to 
Aug. Yes No 

Nippert 
and Knapp 
2007 29 Shrub 39 -96 850 0 30 

Jun. to 
Aug. Yes No 

Ogle et al. 
2004 30 Shrub 33 -107 230 0 70 

Jul. to 
Aug. Yes Yes 

Ohte et al. 
2003 31 Tree 39 109.15 362 0 150 Sep. No No 

Ohte et al. 
2003 31 Shrub 39 109.15 362 0 50 Sep. Yes No 

Penna et 
al. 2021 32 

Crop 
(Apple 
Tree) 46.6 10.7 480 0 40 

Jun. to 
Sep. Yes No 

Plamboeck 
et al. 1999 33 Tree 64.25 19.75 614 0 55 Jul., Aug. Yes No 

Prechsl et 
al. 2015 34 Grass 47.2 8.3 1110 0 30 

Apr. to 
Oct. Yes No 

Prechsl et 
al. 2015 34 Grass 46.5 9.75 950 0 30 

Apr. to 
Oct. Yes No 

Ratajczak 
et al. 2011 35 Shrub 39.1 -96.6 835 0 75 

Jun. to 
Sep. Yes No 

Ratajczak 
et al. 2011 35 Grass 39.1 -96.6 835 0 30 

Jun. to 
Sep. Yes No 

Retzlaff et 
al. 2001 36 Tree 34.8 -79.6 1200 0 120 

Mar. to 
Nov. Yes Yes 
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Schulze et 
al. 1996 37 Grass -45.3 -69.8 125 0 30 Mar. Yes No 

Schulze et 
al. 1996 37 Grass -45.3 -70.3 160 0 30 Mar. Yes No 

Schulze et 
al. 1996 37 Grass -44.8 -71.3 290 0 30 Mar. Yes No 

Schulze et 
al. 1996 37 Tree -44.8 -71.6 770 0 80 Mar. No Yes 

Sun et al. 
2021 38 Crop (Pea) 47.5 8.5 994 0 20 

May to 
Jul. Yes No 

Sun et al. 
2021 38 

Crop 
(Barley) 47.5 8.5 994 0 60 

May to 
Jul. Yes No 

Wang et al. 
2010 39 

Crop 
(Corn) 34.9 110.75 590 0 50 

May to 
Oct. Yes Yes 

Wang et al. 
2010 39 

Crop 
(Cotton) 34.9 110.75 590 0 90 

May to 
Oct. Yes Yes 

Weltzin et 
al. 1997 40 Grass 31.5 -110.3 602 0 35 

Apr., 
Sep. Yes No 

Weltzin et 
al. 1997 40 Tree 31.5 -110.3 602 0 90 

Apr., 
Sep. No Yes 

Williams et 
al. 2000 41 Tree 34 -110 430 0 50 

May to 
Sep. No Yes 

Williams et 
al. 2000 41 Tree 39 -110 390 0 50 

May to 
Sep. No Yes 

Williams et 
al. 2000 41 Tree 39 -110 390 50 100 

May to 
Sep. No No 

Wu et al. 
2014 42 Shrub 44.25 87.75 160 0 300 

Mar. to 
Oct. No No 

Wu et al. 
2014 42 Shrub 44.25 87.75 160 0 60 

Mar. to 
Oct. Yes No 

Wu et al. 
2016 43 

Crop 
(Corn) 37.8 102.9 164 0 80 

Jun. to 
Aug. Yes Yes 

Yang et al. 
2015 44 

Crop 
(Corn) 38.5 100.33 129 0 10 

Apr. to 
Sep. No No 

Zhu et al. 
2011 45 Shrub 38.5 103 111 0 120 

May, Jul., 
Sep. No Yes 
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