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Abstract: This paper presents a simplified dynamic method based on the definition of field
capacity. Two soil hydraulic characteristics models, the Brooks-Corey (BC) model and the van
Genuchten (vG) model, and four soil data groups were used in this study. The relative drainage rate,
which is aunique parameter and independent of the soil type in the simplified dynamic method, was
analyzed using the pressure-based method with a matric potential of —1/3 bar and the flux-based
method with a drainage flux of 0.005 cm/d. As aresult, the relative drainage rate of the simplified
dynamic method was determined to be 3% per day. This was verified by the similar field capacity
results estimated with the three methods for most soils suitable for cultivating plants. In addition,
the drainage time calculated with the simplified dynamic method was two to three days, which
agrees with the classical definition of field capacity. We recommend the simplified dynamic
method with a relative drainage rate of 3% per day due to its simple application and clearly
physically-based concept.

Key words: field capacity; simplified dynamic method; pressure-based method; flux-based
method; soil water; HYDRUS

1 Introduction

Field capacity is widely used as an important concept and parameter in irrigation
management, hydrological modeling, and ecohydrological studies. In irrigation management,
the field capacity represents available soil water content, and irrigation depth is adjusted so
that the soil water content can reach its field capacity (Brouwer et a. 1989). In hydrological
modeling, the field capacity is an important parameter for simulating infiltration and
evapotranspiration (Singh 1995). For example, in the SWAT catchment model, percolation
occurs when the water content of soil layers exceeds the field capacity (Neitsch et a. 2005). In
ecohydrological studies on water-controlled ecosystems, the field capacity is often used as a
reference value triggering the control of soil water over plant water uptake (Rodriguez-lturbe
and Porporato 2004).

The field capacity has been defined in various ways. According to the classical definition
given by Veihmeyer and Hendrickson (1931), the field capacity is the amount of water held in
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soil after excess water has drained away, and the rate of water downward movement has
materially decreased, which usually takes place within two to three days after arain event or
irrigation in pervious soils of uniform structure and texture. Although this definition is
conceptually intuitive and sound, it does not provide a quantitative measure with respect to the
time when excess water has drained away and when the rate of water downward movement
has materially decreased after free drainage is negligible (Hillel 1998).

Quantitative measurement is indispensable for estimating the field capacity in
experiments, and typically involves wetting a covered soil profile and waiting for drainage to
cease (Twarakavi et a. 2009). Such measurement can measure a matric potential or a drainage
flux that represents the field capacity status. The pressure-based method was introduced by
Richards and Weaver (1944) to estimate the field capacity with the soil water content at a
matric potential of —1/3 bar (equivalent to —33 kPa and —348 cm of water column) based on
their laboratory experiments. The choice of —1/3 bar was confirmed in alater study by Colman
(1947), and it has been widely adopted in modern hydrology (Dingman 1994; Hillel 1998).
The field capacity defined through the matric potential varies with the soil texture, depending
on the soil water retention characteristics. Romano and Santini (2002) suggested the use of a
matric potential of —100 cm of water column for sandy soils, —350 cm of water column for
medium-textured soils, and —500 cm of water column for clayey soils, to reflect their different
water retention characteristics. On the other hand, the flux-based method proposed by
Nachabe (1998) estimates the field capacity with the soil water content at a free drainage flux
of 0.005 cm/d, which is two orders of magnitude lower than the average potentia
evapotranspiration. In Nachabe (1998), it was assumed that the water content was uniform
within a given soil horizon after a period of infiltration and remained that way during drainage,
meaning that water flow occurred solely in response to the gravity, and the free drainage flux
was equal to the unsaturated soil hydraulic conductivity. This assumption is reasonable
according to the definition of field capacity with free drainage at the bottom, and it is easily
verified with the HYDRUS-1D model. This approach is equivalent to determining the soil
water content at a given unsaturated hydraulic conductivity based on the unsaturated hydraulic
conductivity model. The field capacity defined based on the drainage flux also varies with the
soil texture. For example, Meyer and Gee (1999) suggested estimating the field capacity with
the soil water content at a free drainage flux of 0.001 cm/d for sand and 0.01 cm/d for clay,
and Sun and Yang (2013) took the value of 0.01 cm/d of the drainage flux.

These two static methods, i.e., the pressure-based method and the flux-based method, are
straightforward and simple. However, they are inadequate for characterizing the dynamic
process of water drainage from soils after wetting events and accounting for the influence of
other important factors, such as the soil thickness, on the estimated field capacity. The
dynamic method, on the other hand, estimates the field capacity by simulating the soil water
dynamics after wetting events. The boundary conditions used in the dynamic method are free
drainage at the bottom and zero flux at the top, which are consistent with the field capacity
definitions. In Zacharias and Bohne (2008), the soil water dynamics after a wetting event in a
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100 cm-thick soil column were simulated using the HYDRUS-1D model, and the field
capacity was taken as the soil water content after 15 days of drainage or when the daily change
of soil water storage fell below 1%. Twarakavi et a. (2009) used the HY DRUS-1D model to
simulate changes in the soil water content till the drainage flux reached predefined reference
values, i.e.,, 0.001, 0.01, and 0.1cm/d in their study, in which the soil water content at the
bottom of the soil column was taken as the field capacity. Twarakavi et al. (2009) also
compared the field capacities estimated at different soil thicknesses (1 cm, 10 cm, and 100 cm),
which were found to produce similar estimates of the field capacity but different estimates of
the drainage time. Since the water content is uniform for different depths, the approach of
Twarakavi et al. (2009) is essentially the same as the flux-based method.

For both the pressure-based and flux-based methods, the main chalenge is that the
reference values used to determine the field capacity are dependent on the soil texture and soil
water retention characteristics. For the dynamic method, the main challenge is to solve the
Richards equation using some numerical models such as the HYDRUS-1D model. The
objectives of this study were (1) to present a simplified dynamic method without numerical
simulation, (2) to select a specia relative drainage rate that does not vary with the soil texture,
and (3) to compare field capacities estimated with the proposed method and static methods
using the soil data groups in Clapp and Hornberger (1978), Rawls et a. (1982), Carsel and
Parrish (1988), and Twarakavi et a. (2009).

2 Materials and methods

2.1 Soil hydraulic characteristics

The soil water retention curve and soil hydraulic conductivity play critical roles in static
and dynamic methods for estimating the field capacity. Soil hydraulic characteristics are
usually measured experimentally, and their nonlinear functions are then fitted with the
experimental data. Several empirical models have been proposed to describe the two hydraulic
functions, of which the Brooks and Corey (BC) model (Brooks and Corey 1964; Campbell
1974) and the van Genuchten (vG) model (van Genuchten 1980) are the most widely adopted.
The BC model is defined as

v (6) = -lv.]e” @

K(0) = Ko )

where y/(@) is the matric potential in cm; . isthe air entry potential in cm; @ isthe

effective saturation, and © = (6 — 6,)/(6, — 6,), with @ being the volumetric water

content in cm¥cm®, and 6, and 6, being the saturated and residual water contents in

cm’/em?, respectively; K (@) is the soil hydraulic conductivity in cmvd; K is the saturated

soil hydraulic conductivity in cm/d; b is the pore-size distribution index; and c is the pore
disconnectedness index. The parameters b and ¢ are normally connected through ¢=2b+ 3.

The vG model is defined as
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y(0) = —1[@'; - 1}” ©)

o

K(0)= K56% {1— (1— @;Jm} (4)

where o isin cm™, and n and m are the shape parameters with m=1-1/n . The hydraulic
conductivity model in Eq. (4) is based on Mualem’s model (Mualem 1976) for predicting the
hydraulic conductivity using soil water retention data.

2.2 Pressure-based method and flux-based method

For the pressure-based method, the field capacity is determined from the soil water
retention curve (Dingman 1994; Hillel 1998). With the matric potential under the field
capacity conditions, the corresponding field capacity is derived from Eq. (1) with the BC
model or from Eg. (3) with the vG model. The eguations based on the BC model and the vG
model are respectively,

1
b

0, = 1= (6,-6)+9 ®)
Ve
0 = [(-av.) +1] (0.-6)+ 9 ©

where 6, isthefield capacity in cm/em?®, and .. isthe corresponding matric potentia in cm.

For the flux-based method, the field capacity can be estimated from the unsaturated soil
hydraulic conductivity function with a predefined negligible free drainage flux. With the
unsaturated soil hydraulic conductivity under the field capacity conditions, the field capacity is
derived from Eg. (2) with the BC model or from Eq. (4) with the vG model. If the BC model is
used, the field capacity can be estimated as

6, = (i—] (6.-6)+6 ™

where K, isthe unsaturated soil hydraulic conductivity, as well as the drainage flux under the
field capacity conditions, in cm/d. For the vG model, the analytical solution is unavailable, and
the solution needs to be sought numerically.

2.3 Simplified dynamic method

We propose a simplified dynamic method for estimating the field capacity based on the
change in soil water storage without solving the Richards equation. Under the field capacity
conditions, water is held in a soil column with athickness of D, and the water storageis 6,.D .
With an assumption of a homogeneous soil profile, the change of soil water storage over a unit
timeis K, . If we define the relaive drainage rate as a small percentage (such as 1% per day) of
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the water storage under the field capacity conditions, the field capacity can be estimated using

Kf
£ =45 8
oo ®

where § istherelative drainageratein d™.
Using the BC model defined in Eq. (2), Eg. (8) becomes

6.-6)
00 D=K_ | " 9
fc s[ 05 _ Hr J ( )
Using the vG model with the unsaturated soil hydraulic conductivity, Eq. (8) yields
2
1 m
-0 )2 —_g \m
06,.D =K, M 1-11- M (10)
05 - er 05 - er

Based on Eq. (9) and Eqg. (10), the field capacity can be calculated with the trial and error
method when K, 6., 6., and the parameters in the BC or vG models are known. It is
apparent in Egs. (9) and (10) that, for a given soil texture and relative drainage rate ¢, the
estimation of field capacity is affected by the soil column thickness. In the experiment of
Veihmeyer and Hendrickson (1931), the soil column thickness was 1 cm, because it was more
reasonabl e to assume the uniform soil water content when the soil column thickness was small.
Thus, we selected a soil column thickness of 1 cm for estimation of the field capacity with the
simplified dynamic method in this study.

Another result that we want is the drainage time. Based on the BC model and the
assumption that the soil water isin arectangular distribution, we can obtain

q=K.0° (12)
where q isthe drainage flux at the average effective saturation © .
According to the water balance equation, we have
@ __ a9
d D(g -6)

This method is similar to but a bit different from that of Nachabe (1998) in that the soil
thickness is congtant in this method, while it is variable in Nachabe (1998). Substituting Eq. (11)
into Eq. (12) and after integration, we can obtain the effective saturation of the soil profile:

9 _ Ql—c KS (C B l)t 7(:7:. 13
e +D@—Q) (13

(12)

where @, istheinitial effective saturation. According to the definition of field capacity, the
drainage process begins at a saturation point. Thus, &, =1. Then, the time to reach the field
capacity can be determined from

_ D(es_gr) efc_er lﬁc_
e Ks(c_l) [[ es_er J ] (14)
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For the simplified dynamic method, the field capacity and the drainage time for a certain
soil type can be estimated with the independent parameter 6. This parameter & does not
depend on the soil type, and it was determined to be 3% per day in this study based on the
following discussion.

2.4 Soil data

The parameters of both the BC and vG models vary with soil properties, such as the soil
texture, bulk density, and others. Site-specific measurements to determine the parameters of
the BC or vG model are often time-consuming and expensive. It is therefore a common
practice to search for the parameters of a similar soil from published sources, or to estimate
the model parameters from basic soil data (such as the texture, bulk density, etc.) through
pedotransfer functions that are developed based on large databases (Schaap et a. 2001). The
large databases available in the international community, such as the unsaturated soil hydraulic
property database (UNSODA; Leij 1996), the database of hydraulic properties of European
soils(HY PRES; Wosten et al. 1999), and the database of the world inventory of soil emission
potentials (WISE; Batjes 1996), provide great opportunities for developing alternative
pedotransfer functions. In this study, the model parameters corresponding to various soil
textures were compiled from some sources that are used widely. For the BC model, the soil
data groups were collected from the following sources: (1) 1845 samples from Dingman (1994)
based on Clapp and Hornberger (1978), and (2) 2541 soil samples from soil data in
HYDRUS-1D software based on Rawls et al. (1982). For the vG model, the soil data groups
were collected from the following sources. (1) 4510 soil samples from soil data in
HYDRUS-1D software based on Carsel and Parrish (1988), and (2) 1578 soil samples from

Twarakavi et a. (2009). The parameters of those soils arelisted in Table 1 and Table 2.
Table 1 Soil data groups of BC model

Dingman HYDRUS-BC
Soil type 0, K, V. : c o, o, K, Ve c
(emfem®  (cmid)  (cm) (cm’cm®)  (em¥em®)  (cmid)  (cm)

Sard 0395 15206 121 405 1110 0.020 0.417 5040 725 169  6.38
Loamy snd 0410 13478 90 438 1176 0.035 0.401 1466 870 211 7.2
Sandy loam 0.435 2998 218 490 1280 0.041 0.412 622 1466 311 921
Loam 0.451 600 478 539 1378 0.027 0.434 317 1115 455 12.09
it 0.015 0.486 163 2075 474 1248
Sitloem 0.485 622 786 530 13.60 0.015 0.486 163 2075 474 1248
Sadydayloam  0.420 544 299 712 1724 0.068 0.330 103 2809 400 11.00
Clayloam 0.477 147 356 775 1850 0.075 0.390 55 2591 515 1331
Siity day loam 0.476 212 630 852 20.04 0.040 0.432 36 3257 662 1625
Sendyday 0.426 187 153 1040 23.80 0.109 0.321 29 2915 595 1490
Sltyday 0.492 89 490 1040 23.80 0.056 0.423 22 3425 787 1875
Oay 0.482 1.1 405 1140 2580 0.090 0.385 14 3731 763 1827
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Table 2 Soil data groups of vG model

HYDRUS-vG Twarakavi

Soil type 6, 6, o K, 6, 6, o K,

@Vad) @fad) @) " g (@Yad) (afad @) " (o)
Srd 0.045 0430 0145 268 7128 0050 0372 0035 321 5794
Loary sad 0.057 0410 0124 228 3502 0050 0383 0031 169 895
Srdylaam 0.065 0410 0075 18 1061  0.057 0379 0024 152 292
Loam 0.078 0430 003 156 250 0088 0428 0015 149 124
Sit 0.034 0460 0016 137 60 0071 0432 0003 220 307
Sitloam 0.067 0450 0020 141 108  0.140 0425 0008 171 65
Sy dayloam 0.100 0390 0059 148 314 0060 038l 0020 127 146
Oaylaam 0.095 0410 0019 131 62 0081 0450 0018 130 113
Sity dayloem 0.089 0430 0010 123 17 0098 0384 0045 117 208
Sy day 0.100 0380 0027 123 29 0086 0481 0008 147 117
Sityday 0.070 0360 0005  1.09 05  0.103 0500 0018 1.28 9.6
Cay 0.068 0380 0008 1.09 48  0.098 0471 0016 120 127

3 Relative drainage rate analysis

3.1 Relative drainage rate analysis using pressure-based method

Taking & to be 1%, 2%, 3%, 4%, and 5% per day, respectively, we could calculate the
field capacity using Egs. (9) and (10). Then, the matric potentia corresponding to the
calculated field capacity could be estimated with Egs. (1) and (3). The results of four soil data
groups can be found in Fig. 1, which indicates that a higher relative drainage rate corresponds
to a lower absolute value of the matric potential. For the BC model with its parameters
obtained from HYDRUS-BC (Fig. 1(a)), when ¢ is taken to be 3% per day, the matric
potentia is close to —1/3 bar (equivalent to —348 cm of water column), which is a value
usually used in the pressure-based method for most soils suitable for cultivating plants, such as
sandy loam, silt loam, and clay loam. For the BC model with its parameters obtained from
Dingman (1994), the results of matric potential corresponding to the calculated field capacity
have larger values because the parameters of this group are quite different from those of
HYDRUS-BC (Fig. 1(a)). Thus, the Dingman (1994) results cannot be used to determine the
relative drainage rate with the pressure-based method. For the vG model (Fig. 1(b)), the lower
0 may aso lead to a similar matric potential value to that of the BC model with its
parameters obtained from HYDEUS-BC. The soil data groups from Twarakavi et al. (2009)
and HYDRUS-vG aso have similar results, except that for silt in Twarakavi et a. (2009), the
matric potential corresponding to the field capacity obtained with the simplified dynamic
method is very high because the parameter o of this soil is obviously smaller than that of
other soils. Based on this analysis, it is reasonable to use a relative drainage rate & of 3% per
day in the simplified dynamic method for field capacity estimation.

Furthermore, we can also seein Fig. 1 that the matric potential corresponding to the field
capacity obtained with the smplified dynamic method varies with the soil texture for a certain
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value of ¢ . Usually, coarse soil has a smaller absolute value of matric potential, while fine
soil has a larger absolute value of matric potential for the same value of the relative drainage
rate. This is consistent with the result of Romano and Santini (2002), who used a matric
potential of —100 cm of water column for sandy soil, —350 cm of water column for

medium-textured soil, and —500 cm of water column for clayey soil.
o HYDRUS-vG §=1%/d

3000 - © HYDRUS-BC 5=1%/d 1600
o HYDRUS-BC 6=2%/d x o HYDRUS-vG6=2%/d
x A HYDRUS-BC §=3%/d 1400 | A HYDRUS-vG6=3%/d
2300 F 0 HYDRUS-BC 5=4%/d o HYDRUS-vG5=4%/d
- HYDRUS-BC §=5%/d 1200 = HYDRUS-vGS=5%/d
2000 - x Dingman §=3%/d G x Twarakavi §=3%/d
g = B
E x x 5
< 1500 | = L
§ x 8 800
X - -
1000 - x 600 x
X x
x 400 | o o
500 |- o o o ° ° o X % 9 x § o 4
838883883835 200 | g 88 X & x &
Oﬁ g L § P S S S T T S o @ ? M ? L s § ﬁ N
EEE§E§ZE§E§EEF =% EEE§E§ZE§E§EEF 5%
w s 2 < 2 L 2 8 2 2 v w s 2 < 2 L 2 8 2 2 v
e = 2z e 2 2o N N -
g = &8 & = = g = &8 & = =
g & 250§ @ g z 53558 5 A
S & 2 z 7 S & > By 2
a9 Z z = 3 2
LI -
(a) Results of BC model (b) Results of vG model

Fig. 1 Matric potential corresponding to field capacity obtained with simplified dynamic method and different
values of relative drainage rate

3.2 Relative drainage rate analysis using flux-based method

The drainage flux corresponding to the field capacity calculated with the simplified
dynamic method and different values of J can be estimated with Egs. (2) and (4). The
results of the four soil data groups can be found in Fig. 2, which shows that a higher relative
drainage rate corresponds to a higher drainage flux. For the BC model (Fig. 2(a)), when ¢ is
taken to be 3% per day, the drainage flux is about 0.005 to 0.010 cm/d, which is a value
usually used in the flux-based method for most soils suitable for cultivating plants, such as
sandy loam, silt loam, and clay loam. For the vG model, similar results are shown in Fig. 2(b).
We also find that the soil data groups from HYDRUS-BC and Dingman (1994) have similar
results for the BC model (Fig. 2(a)), and that the soil data group from Twarakavi et al. (2009)
also has asimilar result to that from HY DRUS-vG for the vG model (Fig. 2(b)). Based on this
analysis, it is reasonable to use a relative drainage rate 6 of 3% per day in the simplified
dynamic method for field capacity estimation.

Fig. 2 also shows that the drainage flux corresponding to the field capacity obtained with
the simplified dynamic method varies with the soil texture for a certain value of §. Usualy,
coarse soil has a smaller drainage flux, while fine soil has a larger drainage flux for the same
value of the relative drainage rate. This is consistent with the result of Meyer and Gee (1999)
who used a free drainage flux of 0.001 cm/d for sand and 0.01 cm/d for clay.
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Fig. 2 Drainage flux corresponding to field capacity obtained with simplified dynamic method and
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3.3 Relative drainage rate and drainage time

(b) Results of vG model

Based on the field capacity estimated with the simplified dynamic model, the drainage
times of different soil data groups with different relative drainage rates were calculate with
Eq. (14) (Fig. 3). The results show that a higher relative drainage rate corresponds to a shorter
drainage time. When the relative drainage rate is taken to be 3% per day, we could obtain a

drainage time of two to three days for most soils.

Fig. 3 Drainage time corresponding to field capacity obtained with simplified dynamic method and
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4 Comparison of calculated field capacities of different methods

Figs. 4 and 5 show the field capacities of four soil data groups estimated with three
different methods. the pressure-based method with the matric potential of —1/3 bar, the
flux-based method with the drainage flux of 0.005 cm/d, and the ssimplified dynamic model
with the relative drainage rate of 3% per day. The three methods show a similar performance
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for the four soil data groups. The field capacities of the soil data group from Dingman (1994)
estimated with the pressure-based method are a little larger than those of the other two
methods (Fig. 4(b)). Both the flux-based method and the simplified dynamic model estimate
the field capacity based on the soil parameters K, and c in the BC model (Eg. (7) and
Eqg. (9)), but the pressure-based method estimates the field capacity based on the soil
parameters . and b inthe BC model (Eq. (5)). Therefore, it is reasonable that the result of
the pressure-based method is alittle difference from those of the other two methods. The cases
are similar in the vG model. We can conclude that the simplified dynamic model with the
relative drainage rate of 3% per day is a good choice for estimating the field capacity.

O Pressure-based method O Flux-based method A Simplified dynamic method
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(a) Results of soil data group from HYDRUS-BC (b) Results of soil data group from Dingman
Fig. 4 Field capacity estimated with different methods based on BC model
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(a) Results of soil data group from HYDRUS-vG (b) Results of soil data group from Twarakavi

Fig. 5 Field capacity estimated with different methods based on vG model
Another parameter that can be used to estimate the field capacity is the relative soil water
content. Based on the results of the smplified dynamic method, the relative water contents of
different soil data groups are shown in Fig. 6. Therefore, it is acceptable to estimate the field
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capacity as being 60% to 70% of the saturated water content for irrigated soil, such as the

loam group.
90 100 1 8
- ()0 -
) g § g 80 § g x
70 8 § K4 "
60 - I 70 . B
@ g 8 ° S 60 g g
= 50 F S > ¥ =~ X o x
et L « - B8
) 8 2 x B M
& Yr N © HYDRUS-BC 5=1%/d < 4ok 3 o HYDRUS-VG §=1%/d
0% 8 o HYDRUS-BC 6=2%/d N o HYDRUS-vG §=2%/d
A HYDRUS-BC §=3%/d 301 8 x a HYDRUS-VG 6=3%/d
20 0 HYDRUS-BC §=4%/d 0t 8 o HYDRUS-vG 6=4%/d
10k - HYDRUS-BC §=5%/d o - HYDRUS-vG 6=5%/d
x Dingman §=3%/d x Twarakavi 6=3%/d
b T oL
EEEE§EFE§§§E8r R EEE §ZE§ 58§ 5 & 7
% 8 & 3 S &8 2 27T 90 % 8 & 3 S L 582 T0
) 5 r &5 g s ) 55 & & F 2
g g 50T g @ g & S 5 S g @
QA 2 2 = 4 = z
g 2 g 5
w2 175}
(a) Results of BC model (b) Results of vG model

Fig. 6 Relative water content corresponding to field capacity estimated with simplified dynamic method
5 Conclusions

Based on the definition of field capacity and dynamic methods of estimating field
capacity, a smplified dynamic method is presented with a clearly physically-based process.
This method has only one parameter independent of soil type, i.e., the relative drainage rate.

Relative drainage rates of 1%, 2%, 3%, 4%, and 5% per day were used in this simplified
dynamic method to calculate the matric potential, the drainage flux, and the drainage time
corresponding to the field capacity. Comparison of the calculated results with their traditional
values, i.e., —1/3 bar for the matric potential, 0.005 cm/d for the drainage flux, and two to three
days for the drainage time, shows that when the relative drainage rate is taken to be 3%, the
simplified dynamic method can obtain matric potential, drainage flux, and drainage time
values similar to the traditional values for most soils suitable for cultivating plants. Therefore,
it isreasonable to use arelative drainage rate of 3% per day in the ssimplified dynamic method.

The three methods, i.e., the pressure-based method with a matric potential of —1/3 bar, the
flux-based method with a drainage flux of 0.005 cm/d, and the simplified dynamic model with
a relative drainage rate of 3% per day, show a similar performance in estimating the field
capacity for most soil data groups.

While this discussion is based on theoretical analysis, it should be noted that in some
cases in situ work is more useful (Zacharias and Bohne 2008). In addition, although this study
used average values of each soil type in soil data groups, analysis and estimation of the field
capacity based on those data can be practical.
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