
1. Introduction
Plant-available soil water (PASW) is a key determinant of the potential yield of crops in agroecosystems and 
modulates natural vegetation productivity. Traditionally, PASW has been used for crop management as it provides 
information useful for scheduling irrigation, time of sowing, as well as other agronomic inputs (e.g., fertilizer 
application) (Lamm et  al.,  1994). Additionally, PASW is used to estimate vegetation carrying capacity and 
dynamics in Earth system models (Silva et al., 2014; Wheeler & Read, 2016). Soil acts as a leaky reservoir of 
water for plants, requiring a practical definition of how much soil water holding capacity is available for plant use. 
The term PASW was proposed by Veihmeyer and Hendrickson (1931) and Veihmeyer and Hendrickson (1949) 
and defines the soil water content between field capacity (FC) and wilting point (WP). The value of WP is gener-
ally set equal to a water content at −150 m. At such negative water potential values, the soil water characteristic 
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WP are usually deduced at fixed matric potentials irrespective of soil types (−3.3 and −150 m for FC and 
WP, respectively). However, FC is affected by various factors such as soil texture, soil structure, and clay 
type that affect the dynamics of FC attainment and put into question the use of a static definition based on 
constant matric potentials. Therefore, we used the approach developed by Assouline and Or (2014, https://doi.
org/10.1002/2014wr015475) that considers a dynamic definition of FC based on soil-specific matric potential 
values beyond which the soil water continuity is substantially reduced or disrupted. The potential PASW was 
calculated by subtracting the WP from the dynamic FC. The novelty of this study is to incorporate the effect 
of climate such as evaporative water loss to introduce a climatic PASW. Our results suggest that PASW in arid 
regions are overestimated when climatic effects are ignored.
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curves (SWCCs) become flat and the quantification of PASW is less affected by uncertainties of matric potential 
values for WP compared to FC. Compared to the definition of the WP, the quantification of the FC is more ambig-
uous as we discuss in the next paragraph.

It has been observed that in many soils, the attainment of FC is associated with matric potential values close to 
−3.3 m; this value has been proposed by Colman (1947) as a practical definition for FC and was adopted by the 
community (Mantovanelli et al., 2021; Minasny & McBratney, 2018). This definition was adjusted to −1 m for 
sandy soils due to rapid drainage and a sharp drop in hydraulic conductivity at low matric potentials (Dahiya 
et al., 1988; Robertson et al., 2021).

Assouline and Or (2014) have addressed the dynamics of FC attainment as the state at which hydraulic continuity 
for internal drainage is significantly reduced or disrupted. This state is related to a soil-specific capillary pressure 
that limits the continuity of capillary flow as proposed by Lehmann et al. (2008) for evaporation and applied by 
Assouline and Or (2014) for cessation of internal drainage. This approach provides a consistent definition of FC 
attainment across soils as evaluated by Assouline and Or (2014) and more recently by Asadi et al. (2020). We will 
use this definition of FC to calculate the amount of PASW.

Despite its usefulness and applications in the agronomic context, the concept of FC remains a subject of contro-
versy due to its dual definition (a static one based on matric potential and a dynamic one based on rates of internal 
drainage) and the limited consideration of natural vegetation with mixed rooting zones and traits (Assouline & 
Or, 2014; de Jong van Lier & Wendroth, 2016; Jabro et al., 2009; Logsdon, 2019). The various factors affect-
ing FC such as soil texture, soil structure, clay type, soil layering and depth to groundwater (Hillel,  2012; 
Kirkham, 2005; Ottoni Filho et al., 2014) limit the relevance of a static definition based on prescribed matric 
potential. For example, Jabro et al. (2009) estimated FC for sandy loam and clay loam soils based on the attain-
ment of constant pressure following redistribution of infiltration water. Convergence to equilibrium conditions 
was achieved approximately after 50 and 450 hr reaching matric potentials of 1.8 and 2.7 m for sandy loam and 
clay loam, respectively. Similarly, de Jong van Lier and Wendroth (2016) estimated FC through numerical simu-
lations of internal drainage based on the attainment of internal drainage rates that are smaller than evaporation 
rates. Likewise, Twarakavi et al. (2009) used a flux-based definition of FC and developed an analytical expression 
to reproduce the results of numerical experiments.

The traditional definition of PASW (using either static or dynamic FC) focuses on the capacity of the leaky 
reservoir (soil) to hold plant useable soil water. In many biomes, climatic conditions constrain the refilling of 
this potential PASW storage reservoir. We seek to introduce a climate-informed representation of PASW that 
considers not only soil capacity but also local climatic conditions such as rainfall distribution and evaporation 
that removes water from the reservoir (see Figure 1). This derived variable (termed climatic PASW (cPASW)) 
departs from the agronomic PASW concept and reflects the climatic water reservoir available to natural vegeta-
tion in different biomes. In this study, we denote traditional PASW as potential PASW (pPASW) in contrast to 
the cPASW, which considers climatic constraints. We base the derivation of cPASW on Bickel and Or (2020) that 
proposed a procedure for estimating climatic water content using average precipitation frequency and evaporation 
dynamics (see Section 2.5).

Regardless of whether a static or a dynamic definition of FC is sought, the assessment of PASW requires knowl-
edge of SWCC information in terms of a parametric model. The approach of Assouline and Or (2014) is based 
on the SWCC model of van Genuchten (1980) that requires four parameters, namely shape parameters α (1/m) 
and n (dimensionless), saturated water content θs (m 3/m 3), and residual water content θr (m 3/m 3). Pedotransfer 
functions (PTFs) have often been used to map these parameters at the global scale (Dai et al., 2019; Simons 
et al., 2020; Zhang & Schaap, 2017) using information on basic soil properties (soil texture, bulk density, and 
organic content). However, such PTF-based maps are developed using samples mainly collected from agricultural 
land in temperate regions and do not represent the variance of soil formation processes for other land use and 
climatic zones (Gupta et al., 2021; Or, 2020). To overcome these limitations, Gupta et al. (2022a) developed an 
improved global map of van Genuchten (vG) parameters that considered the effect of soil forming factors (vege-
tation, climate, and topography) based on measured SWCCs from all continents. The objective of this study are 
(a) to use the modified vG parameters estimated by Gupta et al. (2022a) to compute FC maps using the approach 
of Assouline and Or (2014) and (b) to link pPASW with climatic average water storage (Bickel & Or, 2020) to 
develop a cPASW map.
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2. Material and Methods
2.1. Soil Water Content at Field Capacity (FC)

For the parameterization of soil FC, we employ two approaches—standard definition (water content at −3.3 m 
capillary pressure head) and the estimation of FC based on Assouline and Or (2014) using a critical water content 
that marks the disruption of hydraulic connectivity and thus cessation of internal drainage. The standard defini-
tion of FC is stated as the amount of water remaining in soil two or 3 days after wetting (SSSA, 2008). However, 
in practice, a value of FC equal to the water content at −3.3  m is often used as a means of standardization 
(Mantovanelli et al., 2021; Minasny & McBratney, 2018). In contrast, Assouline and Or (2014) defined FC at a 

Figure 1. Conceptual diagram showing the difference between the potential plant-available soil water (pPASW) and climatic PASW (cPASW). In tropical regions (e.g., 
the Amazon basin region), the frequency and amount of precipitation (P) are higher than the water loss due to evapotranspiration (E). The plant-available water equals 
the potential amount defined by field capacity (FC) and wilting point. On the other hand, in arid regions (e.g., the Sahara region and the Peruvian coastal desert shown 
in the upper panel), the cPASW is significantly lower than the pPASW due to limited precipitation and high evaporative losses such that pPASW is never realized (i.e., 
the water content after rainfall is smaller than FC). The map at the top shows the main outcome of this study, with cPASW expressed in mm water per meter soil depth 
(cPASWD1m). Because we express PASW in units of water content, water depth per area or water volume, we refer to the notation at the end of the article.
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critical capillary pressure below which the continuity of capillary flow paths is limited (Lehmann et al., 2008). 
This intrinsic capillary pressure value ψFC is given by:

𝜓𝜓𝐹𝐹𝐹𝐹 =
1

𝛼𝛼

(

𝑛𝑛 − 1

𝑛𝑛

)

1−2𝑛𝑛

𝑛𝑛 (1)

where α (m −1) and n (dimensionless) are soil parameters in the vG expression. This may be expressed in terms 
of effective soil saturation SFC:

𝑆𝑆𝐹𝐹𝐹𝐹 = 𝑆𝑆(𝜓𝜓𝐹𝐹𝐹𝐹 ) =

(

𝜃𝜃𝐹𝐹𝐹𝐹 − 𝜃𝜃𝑟𝑟

𝜃𝜃𝑠𝑠 − 𝜃𝜃𝑟𝑟

)

=
[

1 + (𝛼𝛼|𝜓𝜓𝐹𝐹𝐹𝐹 |)
𝑛𝑛
]

1−𝑛𝑛

𝑛𝑛 (2)

where θs and θr are the saturated and residual soil water content (m 3/m 3), respectively, and θFC is the water content 
at FC that is related to ψFC using the SWCC. The corresponding water content θFC is obtained from Equation 2, 
and the unsaturated hydraulic conductivity K(SFC) is based on the model of Mualem (1976), given  by:

𝐾𝐾(𝑆𝑆𝐹𝐹𝐹𝐹 ) = 𝐾𝐾𝑠𝑠𝑆𝑆
0.5

𝐹𝐹𝐹𝐹

[

1 −

(

1 − 𝑆𝑆
(1∕𝑚𝑚)

𝐹𝐹𝐹𝐹

)𝑚𝑚]2

 (3)

where m = 1 − 1/n.

The amount of drainable water from the soil profile of depth z at FC, QFC, is then calculated as:

𝑄𝑄𝐹𝐹𝐹𝐹 = 𝑧𝑧(𝜃𝜃𝑠𝑠 − 𝜃𝜃𝐹𝐹𝐹𝐹 ). (4)

Assouline and Or  (2014) also proposed a dynamic criterion for the attainment of FC. Gravity is the primary 
driving force affecting water flow during drainage and the hydraulic gradient reaches unity near FC (Zacharias & 
Bohne, 2008). This implies that the water flux (qFC) at a given depth z is equal to the corresponding unsaturated 
hydraulic conductivity (KFC):

𝑞𝑞𝐹𝐹𝐹𝐹 = 𝐾𝐾(𝑆𝑆𝐹𝐹𝐹𝐹 ). (5)

Consequently, a characteristic time for the attainment of FC, τFC, can be deduced from the ratio of amount 
between drainable water (QFC) and the water flux (qFC):

𝜏𝜏𝐹𝐹𝐹𝐹 =
𝑄𝑄𝐹𝐹𝐹𝐹

𝑞𝑞𝐹𝐹𝐹𝐹
 (6)

This characteristic time τFC is computed based on the drainage rate when the soil is at its FC (qFC = K(SFC)). The 
drainage rate from wet soil is initially much higher. By computing an effective conductivity for the entire drainage 
period, Assouline and Or (2014) could show that the absolute time to reach FC, TFC, equals:

𝑇𝑇𝐹𝐹𝐹𝐹 = 0.092𝜏𝜏𝐹𝐹𝐹𝐹 (7)

2.2. Input Data Sets

We use novel global maps of vG soil water retention model (vG) parameters (α, n, θs, and θr) at different depths 
(0, 30, 60, and 100 cm) with spatial resolution of 1 km developed by Gupta et al. (2022a) and the map of satu-
rated hydraulic conductivity (Ksat) from Gupta et al. (2021). These maps were developed using Covariate-based 
GeoTransfer Functions that included local covariates such as climate, terrain, and vegetation metrics in the 
prediction of soil hydraulic properties. For the determination of the climatic water content (Section 2.5), the 
number of consecutive days (Bickel & Or, 2021) without rainfall was determined using multi-source weighted 
ensemble precipitation (MSWEP, Beck et al., 2019) with precipitation records of 37 years (1979–2016) at a daily 
resolution. The MSWEP data was originally obtained at 3-hourly temporal resolution and 0.1° spatial resolution. 
The data were further aggregated to a daily temporal resolution to use in this study. The potential evaporation was 
calculated based on the approach by Jensen and Haise (1963) using WorldClim (Fick & Hijmans, 2017) mean 
annual radiation and temperature as inputs (for more information see Text S1 in Supporting Information S1).
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2.3. Comparison of FC Maps Produced by Standard and Dynamic Approaches

Definitions of FC were compared using point data (11,705 SWCCs with fitted vG parameters) from Gupta 
et al. (2022b). Values of θFC as defined by the cessation of capillary flow were computed using Equation 2 for all 
SWCCs. For 1,288 SWCCs the water content was measured at −3.3 m and could be compared with the results 
of Equation 2. Similarly, the global map of vG parameters was used to compute global maps of θFC based on the 
approach from Assouline and Or (2014) for comparison with FC maps using the standard approach (water content 
at −3.3 m pressure head). We used FC maps based on the standard approach from (a) Gupta et al. (2022a) includ-
ing environmental covariates, and (b) Zhang et al. (2018) that computed FC based on a PTF predicting parameter 
values of the Kosugi water retention model (Kosugi, 1994). Zhang et al. (2018) produced maps that are highly 
cited and used by the research community. Moreover, the authors considered the FC at −3.3 m. Therefore, it was 
interesting to compare our approach with their method.

2.4. Estimation of pPASW Map

We calculated the FC capillary pressure head ψFC based on Equation 1 and the corresponding water content 
(Equation 2) for different depths (0, 30, 60, and 100 cm) and we used vertical averaging to estimate FC over 1 m. 
We assumed the WP at the matric potential of −150 m. Then, we subtracted the averaged water content at −150 m 
matric potential (θWP) from the FC water content to obtain the pPASW map (PASW expressed as volumetric 
water content) and multiplied by the soil depth (z = 1 m) to obtain the height of PASW in the first meter of soil, 
pPASWD1m (see Figure 2),

pPASWD1m = 𝑧𝑧 ⋅ (𝜃𝜃𝐹𝐹𝐹𝐹 − 𝜃𝜃𝑊𝑊 𝑊𝑊 ). (8)

The pPASWD1m map produced in this study was compared with the widely used PASWC map by Zhang 
et al. (2018), who produced the map by subtracting the FC (−3.3 m) and permanent WP. We multiplied the Zhang 
et al. (2018) PASWC map by the soil depth (z = 1 m) to allow the comparison.

2.5. Calculation of Climatic Water Content (CWC) and cPASW

The climatic averaged PASW is defined by considering the available local precipitation record and adjusting for 
local evaporative losses. The cPASW of each pixel of the globe was calculated based on four steps (see as well 
Figure 2). In the first step, the time TFC to drain a soil profile of 1 m depth from saturation to FC was calculated 
based on Equation 7 using depth averaged hydraulic properties. In a second step, we used rainfall data to deter-
mine the average number of consecutive dry days Tdry between rainfall events. The MSWEP data set has a spatial 
resolution of 0.1° and we resampled Tdry to 0.01° (approximately 1 km at equator) using nearest neighbor interpo-
lation. By comparing Tdry with TFC, we can distinguish regions with Tdry > TFC where climatic average soil water 
content conditions are below FC, from regions with Tdry < TFC where the water content often exceeds FC after 
a dry period. The difference between TFC and Tdry was calculated to estimate the days for which the evaporation 
loss was considered. As shown in Figure S1 of the Supporting Information S1, we introduced a temporal index for 
climatic average time to reach (or fall below) FC. For all sites with Tdry > TFC, the water content dropped below 
FC to a value θclim defined as climatic water content (see Figure 2) (Bickel & Or, 2020):

𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (𝜃𝜃𝐹𝐹𝐹𝐹 − 𝜃𝜃𝑟𝑟) ⋅ 𝑒𝑒
−

𝐸𝐸0

𝑧𝑧⋅(𝜃𝜃𝐹𝐹𝐹𝐹−𝜃𝜃𝑟𝑟)
(𝑇𝑇𝐹𝐹𝐹𝐹−𝑇𝑇𝑑𝑑𝑟𝑟𝑑𝑑)

+ 𝜃𝜃𝑟𝑟
 (9)

with the potential evaporation rate E0 (m/day) and soil depth (z) equal to 1 m. Finally, the climatic PASW (cPAS-
WD1m) for a soil depth of 1 m was calculated as:

cPASWD1m =

{

𝑧𝑧 ⋅ (𝜃𝜃𝐹𝐹𝐹𝐹 − 𝜃𝜃𝑊𝑊 𝑊𝑊 ) for 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 < 𝑇𝑇𝐹𝐹𝐹𝐹

𝑧𝑧 ⋅ (𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝜃𝜃𝑊𝑊 𝑊𝑊 ) for 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 > 𝑇𝑇𝐹𝐹𝐹𝐹

 (10)

Climatic water content can be larger than water content at FC (see Figure S1 in Supporting Information S1), 
however, the values were truncated to FC water content to illustrate the climatic effect for the quantification of 
PASW. Also, we noticed that the CWC is lower than the WP for certain parts of the arid region, therefore, we 
assigned a zero value to those regions. After the estimation of potential and cPASW with soil depth z of 1 m 
(pPASWD1m and cPASWD1m), the volume of water stored in the top 1 m (PASWV1m) was calculated as:

pPASWV1m = pPASWV1m ⋅ 𝐴𝐴 (11)
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Figure 2. Conceptual workflow to describe the estimation of pPASW and climatic PASW for 1 m soil depth. As described 
in more detail in the text, the potential plant-available soil water (PASW) within a soil layer of 1 m thickness is computed as 
the difference between field capacity (FC) and wilting point (deduced from the soil water characteristics curve). To determine 
the climatic water content, the time for drainage by gravity to FC (TFC) is compared to the average length of the period of 
evaporative drying (Tdry). Note that climatic water content can be larger than water content at FC, however, the values were 
truncated to FC water content to calculate the PASW affected by the climate.
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cPASWD1m = cPASWD1m ⋅ 𝐴𝐴 (12)

where A is the area of the grid cell (1 square km in this study).

3. Results
3.1. Soil Water Regime at FC: Static Criteria

Figure 3a shows the estimated ψFC using Equation 1. The mean value of ψFC for most of the soil texture classes is typi-
cally less negative than the standard FC at constant value of pressure head −3.3 m except for silt loam soil texture class 

Figure 3. (a) Distribution of critical capillary pressure head at field capacity (FC) ψFC based on Assouline and Or (2014) approach for each soil textural class with the 
red dashed line marking the standard definition of FC (−3.3 m). (b) Relationship between water content based on Assouline and Or (2014) and the standard approach 
(measured water content at −3.3 m), (c) water content at FC (θFC) using Equation 2, and (d) measured water content at −3.3 m, for each soil textural class. A total of 
1,288 curves out of 11,705 fitted soil water characteristic curves in Gupta et al. (2022b) have information on matric potential −3.3 m and are used to produce these 
figures (a–d).
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(for loam and sandy loam, ψFC mean value is approximately equal to standard FC). Furthermore, Equation 2 is used 
to calculate θFC as shown in Figure 3b. The trend with soil texture is similar to the standard approach, with slightly 
lower values when the −3.3 m water content is used as shown in Figures 3b–3d. The global maps of vG parameters 
are used to calculate the spatial distribution of ψFC as shown in Figure 4. The map of ψFC illustrates the low absolute 
values (compared to the classical definition of −3.3 m) on the whole globe except for the higher northern latitudes.

3.2. Soil Water Regime at FC: Dynamic Criteria

We further calculated the time required to attain FC (TFC) at different depths. We used Equations 4–7 to calculate 
QFC, qFC, τFC, and TFC, respectively. Figure 5a shows the time needed to attain FC from saturation at 1 m soil 
depth. It shows areas (Central India, Horn of Africa, and Midwest USA) with smectite clay minerals (high water 
retention areas) that need more time to attain FC while the zones with high sand content (deserts) need less time 
to attain FC. In Figure 5b, the climatic average soil water content is always below FC (Tdry > TFC) in arid regions, 
in contrast to humid climate that often exceed FC (Tdry < TFC). To show gradual changes between wet and dry 
regions, we introduce a temporal index (see Figure S1 in Supporting Information S1) and scale the time according 
to (TFC − Tdry)/Tdry for dry and (TFC − Tdry)/TFC for wet regions to values between −1 and 1.

3.3. Visual Comparison of FC Maps and Climatic Water Content

The global map of FC produced using Equation 2 is also compared with FC maps based on constant capillary 
pressure (−3.3 m) as shown in Figure 6. The first difference between the maps is the definition of FC (using Equa-
tion 2 or −3.3 m head) and the second difference is with respect to the parameterization of SWCC (vG model for 
the map (b) of Gupta et al. (2022a) and Kosugi-model for the map (c) of Zhang et al. (2018)). As expected from the 
analysis presented in Figure 4 (ψFC is less negative than −3.3 m), the water content based on Equation 2 presented 
in Figure 6a is larger in most regions compared to the standard approach (−3.3 m head) shown in Figure 6b. Only 
in silty and loamy soils of northern latitudes, FC values are higher based on the standard approach. The same 
regions show high FC values as well for the map (Figure 6c) of Zhang et al. (2018). Due to the dominant effect of 
high bulk densities in northern latitudes in the underlying PTFs, the FC values are very high. We also notice that 
FC values for the new map in South America are similar to FC values of Zhang et al. (2018). However, the matric 
potential to attain FC is more negative in the new map compared to the −3.3 m matric potential.

Likewise, Figure S2a in Supporting Information  S1 depicts the global map of climatic water content which 
represents the availability of water content in soils after the reduction of losses due to evaporation. It shows that 
regions with high sand content or arid climates are severely affected by evaporation and the PASW is signifi-
cantly reduced compared to FC (Figure S2b in Supporting Information S1). Table 1 shows that after applying the 
climatic effect, 37% of potential FC was reduced for arid regions. On the other hand, higher northern latitudes and 
tropical regions are the least affected regions (cPASWD1m close to pPASWD1m).

Figure 4. Spatial distribution of matric potential at field capacity (ψFC) estimated using the Assouline and Or (2014) approach. Note that the values are truncated to 
3.5 m and show the absolute values.
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3.4. Global Distribution of Plant-Available Soil Water

Figure 7a shows the global map of PASW that is calculated using the maps of θFC and θWP for 1 m soil depth 
(pPASWD1m). Our map shows that the values are higher in desert regions than in the map of Zhang et al. (2018) 
(Figure 7b). Moreover, our map provides higher values in the tropical regions, central parts of India, the eastern 
parts of the USA, and parts of China, as compared to Zhang et al. (2018) PASW map (see Figure S3 in Support-
ing Information S1). In contrast, Zhang et al. (2018) provide high values for higher northern latitudes. Figure 8a 
shows the climatic PASW for 1 m depth (cPASWD1m) based on Equation 10, which displays a lower water avail-
ability in desert regions compared to pPASWD1m (Figure 7a). The main difference between the two maps is the 
low water availability in the desert regions of the cPASW map as compared to the pPASW map. Other regions are 
less affected compared to desert regions. The mean pPASWD1m is reduced from 144 to 107 mm after incorporat-
ing the climatic effects (Figure 8b). Similarly, the capacity to store water against gravity in the top 1 m of ice-free 
soils is decreased from 19,941 km 3 (pPASWV1m) to 14,853 km 3 (cPASWV1m) globally.

Figure 5. Global maps of rates and time to attain field capacity (FC) from saturation at 1 m depth. (b) Classification of geographic regions where climatic average soil 
water content conditions are below FC (red) or exceed FC (blued) expressed as temporal index values in the range of +1 (blue), 0 (white) and −1 (red) as illustrated in 
Figure S1 of the Supporting Information S1.
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Figure 6. Comparison of the global distribution of water content at field capacity (FC) (a) based on Assouline and Or (2014) with (b) the map of water content at 
−3.3 m matric potential produced using van Genuchten parameters from Gupta et al. (2022a), and with (c) the map of Zhang et al. (2018). In contrast to (a), FC maps 
(b) and (c) are based on constant matric potential (−3.3 m).
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4. Discussion
4.1. Effects of FC Definition on PASW

Using a definition of FC based on cessation of capillary flow (Figures  3 
and  4) shows that most soils attain FC at matric potential values higher 
than −3.3 m and water content values higher than traditional FC estimates. 
Consequently, global estimates of FC (and pPASW) based on this limit are 
expected to be higher as shown in Figure 6a. The dynamic definition of FC 
considering the time to attain negligible fluxes from leaky soils, provides a 
reasonable value of available water useable for plant uptake. The main differ-
ence between pPASWD1m and cPASWD1m (i.e., the height of PASW in 
first meter of soil) is observed in the arid region and shows that the primary 
driver to define cPASWD1m is whether rainfall events are frequent enough to 
replenish PASW. In tropical regions, the difference between pPASWD1m and 
cPASWD1m is minimal due to large and frequent rainfall, however, the soil 

Plant-available soil water (mm/1 m)

Climate 
regions

Field 
capacity 
(m 3/m 3)

Climatic 
water content 

(m 3/m 3) Potential climatic

Tropical 0.30 0.29 154 140

Temperate 0.28 0.26 159 142

Arid 0.22 0.14 123 53

Boreal 0.23 0.20 151 119

Polar 0.23 0.20 145 114

Table 1 
Average Values of Field Capacity and Plant-Available Soil Water Among 
Different Climatic Regions

Figure 7. Comparison of global distribution of pPASWD1m (depth of plant available water in top meter of soil) computed (a) using Equation 8 with (b) the 
plant-available soil water map of Zhang et al. (2018).
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structure and biopores in the soil may increase drainage and reduce runoff (Fatichi et al., 2020; Or, 2020) affecting 
vegetation growth that can be inhibited because of insufficient soil aeration and water flux (Turek et al., 2021).

4.2. Potential and Climatic PASW

The concept of PASW has been used in agriculture for sizing irrigation systems to replenish the soil profile at peak 
water demand during a growing season (Lamm et al., 1994). Sandy soils require more frequent irrigation than silty 
soils with larger PASW storage capacity. For natural systems, the concept of PASW has been used in ecological 
studies (Liu et al., 2009; Randall et al., 2020) to investigate how soil modulates climatic inputs or forcing affecting 

Figure 8. (a) Global and spatial distribution of climatically averaged plant-available soil water (PASW) taking into 
account evaporation losses in dry regions (reducing plant-available water); (b) statistical distribution of potential and 
climatic height of PASW in 1 m soil (pPASWD1m and cPASWD1m). Vertical lines represent mean PASW values (mean 
pPASWD1m = 144 mm and cPASWD1m = 107 mm). Note that, in order to plot the global probability distribution function 
of cPASW1m, the zero values from arid regions are not included to avoid the long peak at zero value.
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vegetation. In other words, PASW is not used for “design” or crop selection, but for interpretation of natural vege-
tation response to climatic conditions or changes in rainfall patterns. Nevertheless, as Koster and Suarez (2001) and 
Seneviratne et al. (2010) and many others have shown, PASW is a dominant factor in understanding climate memory 
and surface fluxes at intervals between rainfall events. More recently, PASW and vegetation received renewed inter-
est in the context of the onset of continental heatwaves (Miralles et  al.,  2014; Seneviratne et  al.,  2010; Teuling 
et al., 2010). To supplement the traditional (agronomic) definition of PASW, it can be modified using local climate 
and identify regions where soil water content is persistently at or higher than FC and regions where water content is 
below FC. The climatic averaged plant available soil water (cPASW) introduced in this study delineates a realistic 
soil water storage picture that, in many regions, is significantly different from the standard definition of PASW (here 
denoted as potential plant available soil water, pPASW). The maps of cPASW and pPASW reconcile soil and climatic 
conditions concerning water storage available for vegetation. Note that the incorporation of climatic conditions 
affects arid climatic regions more compared to other climatic regions. We added the climatic mean annual potential 
evaporation losses to estimate the cPASW, which might be useful to provide a clear picture of the present climate. 
However, the recalculations of these maps will depend upon the rate of the change in the climate in the future.

4.3. Comparison of PASW Maps With Other Available Products

Figure 6 illustrates the comparison between the FC map derived using Assouline and Or (2014) approach and 
the map by Zhang et al. (2018) that used the standard definition of FC (−3.3 m head). Similarly, Figure 7 shows 
the comparison between (potential) PASW maps. We noticed the high values in central parts of India, the east-
ern parts of the USA, and parts of China, as compared to Zhang et al. (2018) PASW map. It is likely due to the 
presence of soils rich in smectite clay minerals that reduce the soil permeability and increase soil specific surface 
area thus enhancing the water storage capacity. Zade et al. (2020) also discussed the dominant role of smectite 
clay minerals on agriculture in central India and their effect on PASW (which is always high as compared to other 
soil types). Moreover, in the new maps the tropical region's soil has more water and the higher northern latitudes 
soil have less water as compared to Zhang et al. (2018) PASW map. This might be the effect of the parameter-
ization of SWCC used for these regions or the definition of FC itself. There are other global and regional maps 
of PASW products published in the last decade. For example, Kleidon (2011) estimated the total PASW storage 
capacity of the rooting zone depth for the whole globe on a 1.0° grid using inverse modeling. Similarly, Leenaars 
et al. (2018) developed the PASW map for south Africa by subtracting the FC (considered water content at three 
matric potentials −1, −2, and −3 m for coarse, intermediate and fine textures, respectively) with WP (−150 m 
matric potential). Kristensen et al. (2019) developed the PASW at 1 m for Europe using the standard approach 
and considered the FC at −1 m matric potential. We could not compare these studies with our map because most 
of the maps calculated the PASW considering plant rooting depth that can be different from the 1 m depth PASW 
map. Kristensen et al. (2019) calculated the PASW for 1 m soil depth but the maps are not publicly available. 
The major addition in our study is that we consider the climatic effect on PASW while the other studies focused 
on pPASW.

4.4. Use of Field Capacity and Plant Available Soil Water Maps

The primary advantage of FC maps is estimating the amount of water available for plants. The PASW map 
can be used as an input in crop models to describe water uptake and transpiration (Brisson et al., 2003). The 
drought intensity in agriculture and forest can also be computed using these maps (Meusburger et al., 2022). The 
land surface models also need PASW as an input to simulate land-atmosphere coupling responses (Shrestha & 
Simmer, 2019). Besides this, the modified maps could improve the predictions in all applications because the 
hydraulic parameters (α, n, θs, and θr) are not derived using PTFs. The actual soil water characteristics curves 
fitted parameters were utilized to develop these maps. Moreover, the FC was not considered at particular matric 
potential. It was estimated based on the approach of Assouline and Or (2014) and reflects soil intrinsic properties. 
Furthermore, the pPASW maps can overestimate the predictions for arid regions, while the cPASW map could be 
employed for a more accurate representation in such areas.

4.5. Limitations of the Study

Some limitations need to be taken into account while using these maps. The pPASW and cPASW define the 
potential and cPASW for 1 m depth. We ignored the depth of bedrock and impermeable layers in our calcula-
tions. However, only 7% of the terrestrial area has soil thickness of less than 1 m particularly at high elevations 
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(computed using Pelletier et al. (2016) data set). Moreover, we assumed soil reaches saturation after each rainfall 
event and then start counting the days to attain FC. However, the rainfall amounts are not always enough for 
the soil to become fully saturated. Also, the vegetative growth, root water take, and bio-pores are not taken into 
account while calculating the days to attain FC. Lastly, the role of runoff is also missing. Despite these limita-
tions, our maps can be used in various applications as mentioned above.

5. Conclusion
We provide the state-of-the-art spatial distribution and parameters for PASW in terms of soil properties (pPASW) 
and link the potential water storage with climatic conditions (cPASW). Globally, ice-free soils store up to 
19,941 km 3 of water in the top 1 m representing about 18% of the annual terrestrial precipitation (111,000 km 3/yr; 
Oki and Kanae (2006)). Adjusted for local climatic conditions, PASW global storage rarely exceeds 14,853 km 3 
per year. The global storage and spatial distribution of PASW highlight the need for multiple refilling events 
of soil profiles. The limited storage capacity also reflects the leaky nature of the soil reservoir that is strongly 
coupled with vegetation that continuously transpires this temporary storage back to the atmosphere. Hence, 
PASW reflects a dynamic soil water reservoir whose magnitude varies with soil type and climatic region. In arid 
regions, this reservoir is never filled with enough water for vegetation cover and physiology. Even in tropical 
regions that are expected to maintain water content above FC due to large and frequent rainfall, soil structure and 
biopores act to drain the profile such as that unsaturated conditions essential for soil aeration are rapidly restored.

Notation
PASW is the plant available soil water content, difference between FC and WP
PASWD is the plant available soil water height within certain soil depth, dimension of length.
PASWD1m is the plant available soil water height in the first meter of soil, dimension of mm water per m 

of  soil
PASWV is the plant available soil water volume in a certain soil volume, dimension of length 3.
PASWV1m is the plant available soil water volume in a soil volume of 1 m depth, dimension of length 3 per m 

soil depth

Data Availability Statement
The data sets produced in this study are available at https://doi.org/10.5281/zenodo.6777125 (Gupta et al., 2022).
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