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The text below has been originally written for the manuscript of Vereecken et al. (in review in 
VZJ). However, since the text has not eventually been used in the final version of this 
manuscript, we have decided to share it, as well as all examples carried out for this manuscript, 
with the HYDRUS users on the HYDRUS website. 
 
1. Spatial and Temporal Discretization 
 
The numerical solution of a highly nonlinear Richards equation requires relatively fine spatial 
(on the order of cm) and temporal (on the order of minutes) discretization. An optimal spatial 
and temporal discretization depends strongly on the intensity of precipitation/evaporation/ 
infiltration and the nonlinearity of soil hydraulic properties. Simulations with high flux rates and 
strong nonlinearity of soil hydraulic properties require finer discretizations in both space and 
time. Most current models rely on a predefined vertical discretization, which is constant in time, 
while only the time discretization changes during simulations by an adaptive time stepping 
routine.  
 
Spatial discretization should be made relatively small at locations where large hydraulic 
gradients are expected. Such a region is usually located close to the soil surface where highly 
variable meteorological factors can cause rapid changes in soil water contents and corresponding 
pressure heads. Hence, it is generally recommended to use relatively small elements near the soil 
surface and then to gradually increase them with depth to reflect much slower changes in pressure 
heads at deeper depths.  
 
The required size of finite elements also depends very much on how boundary conditions are 
specified. When boundary conditions are specified for daily or shorter time intervals, usually 
resulting in short-duration fluxes of a large magnitude, the spatial discretization needs to be finer 
(on the order of cm or less) than when boundary conditions are specified for longer time intervals 
(e.g., weekly or monthly). The appropriate choice of temporal resolution of precipitation data is 
extremely important to capture the generation of surface runoff (Hortonian excess). Using daily 
cumulated rainfall fluxes may lead to an overestimation of infiltration and underestimation of 
surface runoff compared to when using high-resolution rainfall data.  
 
The element dimensions should also depend upon the soil hydraulic properties. For example, 
coarse-textured soils having relatively high n- and α-values (van Genuchten, 1980) require a finer 
discretization than fine-textured soils. That is because their soil hydraulic functions are more 
nonlinear and thus the numerical solution may be less stable. To demonstrate this issue, we have 
carried out (using HYDRUS-1D) simulations of ponded infiltrations into sand and clay soil profiles 
(Fig. 1). Notice that the pressure head front for a sandy profile is very sharp and the entire front is 
only about 5 cm thick. To be able to describe this front using numerical models, one needs several 
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discretization nodes at the front, implying that the spatial discretization must be on the order of 1 cm 
or less. On the other hand, the pressure head (and correspondingly water content) front for a clay 
profile is relatively smooth and, consequently, the spatial discretization can be much coarser. 
 

  
Figure 1. Pressure head profiles for ponded infiltration into sand and clay soil profiles. 

 
A detailed discussion of issues associated with spatial and temporal discretization to guarantee 
numerical stability and reliable estimates of infiltration and runoff rates is provided by van Dam 
and Feddes (2000), and more recently by Mueller et al. (2016). These two texts, as well as 
Haverkamp and Vauclin (1979) and Szymkiewicz (2009), also discuss an important issue of 
averaging (e.g., arithmetic, geometric, harmonic, upstream weighting) of hydraulic 
conductivities between nodes in various numerical schemes. Van Dam and Feddes (2000) 
recommended using arithmetic averaging of hydraulic conductivities. 
 
2. Numerical Simulations of the Infiltration Process 
 
In the examples presented below, HYDRUS-1D (Šimůnek et al., 2008, 2016) is used to 
demonstrate the effects of soil texture, the initial soil water content, and the type of the surface 
boundary condition on the infiltration rate and surface runoff. 
 
Figure 2 shows the effects of texture on infiltration rates for different USDA textural classes and 
a one-hour rainfall of 10 cm/h (240 cm/d). The soil hydraulic parameters for different textural 
classes were taken from the HYDRUS-1D soil catalog, which is based on values reported by 
Carsel and Parrish (1988). This soil catalog gives the following values of the saturated hydraulic 
conductivities: 106.1 cm d-1 for sandy loam, 24.96 cm d-1 for loam, 6.0 cm d-1 for silt, 10.8 cm d-

1 for silty loam, 31.44 cm d-1 for sandy clay loam, 6.24 cm d-1 for clay loam, 1.68 cm d-1 for silty 
clay loam, 2.88 cm d-1 for sandy clay, 0.48 cm d-1 for silty clay, and 4.8 cm d-1 for clay. Figure 1 
shows that time of ponding ranges from few seconds for silty clay to about 6 minutes for sandy 
loam. Ponding would never occur for sand (712.8 cm d-1) and loamy sand (350.2 cm d-1), which 
have the saturated hydraulic conductivity larger than rainfall. Note that surface runoff is the 
difference between the potential surface flux (i.e., rainfall) and the infiltration rate. 
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Figure 2. Infiltration rates for different USDA textural classes for a one-hour rainfall of 10 cm/d 

on a linear (left) and log (right) timescale. 
 
Figure 3 shows the effects of the initial water content (0.1, 0.15, 0.2, 0.25, 0.3, 0.35, and 0.4) on 
infiltration rates for sandy loam and a one-hour rainfall of 10 cm/h. The soil hydraulic 
parameters for sandy loam were again taken from the HYDRUS-1D soil catalog. Figure 2 shows 
that the time of ponding ranges again from about 7 seconds for the initial water content of 0.4 to 
about 6 minutes for the initial water content of 0.1.  
 

 
 

Figure 3. Infiltration rates for sandy loam and for different initial water contents for a one-hour 
rainfall of 10 cm/d on a linear (left) and log (right) timescale. 

 
As discussed above, the spatial discretization of the soil profile plays an important role in 
obtaining precise results for the infiltration process, especially for high-intensity rainfalls of short 
duration (when they are not distributed over long-time periods, e.g., daily or weekly fluxes). 
Figure 4 shows the effects of the spatial discretization of the soil profile on infiltration rates for 
sandy loam and clay loam and one-hour rainfall of 10 cm/h. In the first 6 cases, the soil profile 
was discretized uniformly into 0.5, 1, 2, 5, 10, and 20-cm elements and in the last two cases, the 
soil profile was discretized non-uniformly with the average size of the elements of 20 cm, but the 
top element of either 5 or 2 cm.  
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Figure 4 shows that the spatial discretization plays an important role in identifying the time when 
ponding occurs and when surface runoff starts. Using finer discretization in general leads to 
earlier surface ponding and earlier initiation of surface runoff. For sandy loam, simulated 
cumulative infiltration increased from 5.66 to (5.7, 5.77, 5.97, 6.20) 6.8 cm when spatial 
discretization increased from 0.5 to (1, 2, 5, 10) 20 cm. It was then reduced to 6.41 and 6.39 cm 
when the top element was reduced to 5 and 2 cm, respectively.  For clay loam, simulated  
cumulative infiltration was similarly increased from 0.55 to (0.58, 0.64, 0.82, 1.06) 1.35 cm 
when spatial discretization increased from 0.5 to (1, 2, 5, 10) 20 cm. Cumulative surface runoff 
was correspondingly increased. The results obtained with finer spatial discretization are more 
precise, while the results obtained with coarser spatial discretization (typically used in Land 
Surface Models) are quite imprecise. 
 

 
Figure 4. Infiltration rates for sandy loam (left) and clay loam (right) for a one-hour rainfall of 10 
cm/d for different spatial discretizations of the soil profile. In the first 6 cases, the soil profile is 

discretized uniformly into 0.5, 1, 2, 5, 10, and 20-cm elements, in the last two cases, the soil 
profile is discretized non-uniformly with the average size of the elements of 20 cm, but the top 

element of either 5 or 2 cm. 
 
The next example demonstrates the effect of allowing or not allowing water to pond at the soil 
surface before surface runoff starts. The same conditions as in previous examples are used. 
Simulations are carried out for sandy loam, and the maximum surface pressure hS is equal to 0 (No 
ponding), 5 cm (Unlimited ponding), and 2 cm (Limited ponding). While the first case can 
represent a hillslope conditions when surface runoff starts immediately once ponding is reached, the 
second case can represent a horizontal soil surface for which surface runoff does not occur and 
water ponds at the soil surface, and the third example can represent conditions when surface 
roughness prevents the initiation of surface runoff until a certain level (2 cm) of ponding develops.  
 
Figure 5 shows the surface pressure heads for all three cases with no, unlimited, and limited 
ponding. Figure 6 then shows actual and cumulative infiltration rates and surface runoff for these 
three cases. In all three case, surface ponding is reached after about 0.093 h (6 min). While in the 
first case, the surface pressure head is thereafter equal to zero once ponding is reached (Fig. 5) 
and surface runoff starts (Fig. 6), in the second case, the surface water level gradually increases 
until it reaches its maximum value of 2 cm and only then surface runoff starts (Fig. 6). In the 
third case, the surface water level increases until rainfall stops without any runoff (Fig. 6). Once 
ponding is reached, the infiltration rate starts gradually decreasing as time proceeds, with the 
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reduction being smaller in the cases when water is allowed to build-up at the soil surface. In 
these latter cases, the surface water layer exerts a hydrostatic pressure at the soil surface and 
increases the pressure head gradient driving infiltration. While infiltration ceases at the end of 
the rainfall event when ponding is not allowed, in the latter two cases with unlimited or limited 
ponding, water from the surface layer extends infiltration after rainfall stops (Figs. 5 and 6). 
 
This simple application demonstrates that neither the pressure head nor the water flux can be 
specified at the boundary a priori and that the actual flux depends on the interactions between the 
applied flux, soil hydraulic properties, and the degree of saturation of the soil system. 
 

 
Figure 5. Pressure heads in the soil surface node for three scenarios of infiltration from a high-

intensity rainfall event in a sandy loam soil with no, unlimited, or limited surface ponding. 
 

  
Figure 6. Actual (left) and cumulative (right) water fluxes (rainfall, infiltration, and surface 

runoff) for three scenarios of infiltration from a high-intensity rainfall event in a sandy loam soil 
with no, unlimited, or limited surface ponding. 

 
The temporal resolution of weather data is another important factor in evaluating infiltration, 
surface runoff, and groundwater recharge using numerical models (e.g., Batalha et al., 2018, 
Szymkiewicz et al., 2018). In a recent study, Batalha et al. (2018) showed that the use of 
temporally averaged meteorological data could lead to very different results in the infiltration 
and recharge calculations, decreasing from daily, weekly, monthly, to yearly averaged data. 
Infiltration rates during a particular precipitation event depend on the saturated hydraulic 
conductivity (Ks) (Fig. 2) and the initial saturation of the soil (Fig. 3). Runoff occurs when the 
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precipitation rate is higher than the infiltration capacity of the soil, which depends on these two 
factors. Temporal averaging (especially for weekly, monthly and yearly, but even daily averaged 
data) may smooth available precipitation data to rates that are smaller than Ks, allowing all water 
to infiltrate into the soil profile and eliminating surface runoff. Differences due to the temporal 
resolution of weather data, however, will become less significant if ponding is allowed to occur, 
thus minimizing runoff (Figs. 5 and 6). Using high-resolution meteorological data is important 
for transient simulations, especially for climates having high precipitation rates but also long 
periods without much rain (Batalha et al., 2018). 
 
The impact of the temporal resolution of a rainfall event on simulated infiltration is demonstrated 
in Figure 7, in which simulated actual infiltration rates and cumulative infiltrations into a loamy 
soil are shown for a 10-cm rainfall event distributed over 1, 2, 4, 8, and 16 h. Note that ponding, 
which results in the reduction in the infiltration rate and the initiation of surface runoff, is 
reached early for a short intensive 1-h rainfall, while it is never reached for a long-duration (16 
h) rainfall. While only about 2 cm of water infiltrates for a short-duration, high-intensity rainfall 
and remaining 8 cm of water is removed by surface runoff, all water infiltrates for a long-
duration, low-intensity rainfall. This simple example demonstrates the importance of using high-
resolution meteorological data for transient simulations. 
 

 
Figure 7. Actual (left) and cumulative (right) infiltration into loam for a 10-cm rainfall event 

distributed over 1, 2, 4, 8, and 16 h. 
 
 
The citation to this text: 
Šimůnek, J. and L. Weihermüller, Using HYDRUS-1D to Simulate Infiltration, 8 p., PC-
Progress, Ltd., Prague, Czech Republic, 2018. 
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The list of projects: 

Projects Description 
Fig. 1 Ponded infiltration. The effect of soil texture (sand and clay) on the shape of the 

water content front. 
Fig. 2 Flux infiltration. The effect of soil texture (12 USDA textural classes) on the 

time to ponding and actual infiltration rates. 
Fig. 3 Flux infiltration. The effect of the initial saturation on the time to ponding and 

actual infiltration rates (for sandy loam). 
Fig. 4 Flux infiltration. The effect of the spatial discretization on the time to ponding 

and actual infiltration rates (for sandy loam and clay loam). 
Fig. 5 Flux infiltration. The effect of three ponding scenarios (no, unlimited, and 

limited surface ponding) for infiltration from a high-intensity rainfall event in a 
sandy loam soil on the surface pressure heads. 

Fig. 6 Flux infiltration. The effect of three ponding scenarios (no, unlimited, and 
limited surface ponding) for infiltration from a high-intensity rainfall event in a 
sandy loam soil on actual and cumulative water fluxes (rainfall, infiltration, and 
surface runoff). 

Fig. 7 Flux infiltration. The effect of the duration of the 10-cm rainfall event (with the 
same rainfall height) on actual and cumulative infiltration into loam. 
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