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Abstract: Subsurface drainage is a common water management practice in rural areas whose soil
has poor permeability and where the groundwater table is periodically high. In addition, drainage
systems are used to prevent waterlogging and flooding. The aim of this study was to investigate
the influence of drained clay water retention properties on flood risk reduction. Field research was
conducted at the Lidzbark Warmiński experimental site (Poland). Three case studies were considered:
early spring, spring, and late autumn/early winter. In the first case, soil moisture was found to be
close to the saturated water content. Snow melting and even light rainfall had caused an immediate
reaction from the drainage system. In the second case, soil moisture decreased steadily, so the soil
water retention capacity increased. The response time between precipitation and outflow was four
days. In the third case, melting snow and further precipitation during the days that followed caused
a rapid increase in drainage outflow (after 24 h). Two values were introduced: the precipitation
retention rate (prr) and drainage outflow factor (df ). In all cases, the prr value was in the range 32–34%;
the df oscillated around 29% in the first and second cases, and reached a value of 68% in the third case.

Keywords: soil water retention; drainage system; flood risk

1. Introduction

Over the last 50 years, heavy precipitation events have been increasing in frequency in most
extra-tropical regions, on a continental and global scale. This is due to increased annual rainfall in
many regions, where daily rainfall can exceed the 95th percentile. This corresponds to the significant
increase that has been observed in the amount of water vapor present in warm atmospheres. Model
studies have indicated an increase in the levels of intense rainfall along with global warming, and thus
an increase in flood risk [1–3].

Flooding is a spatiotemporal phenomenon that can occur locally or over larger areas of a country,
and can last from several hours to several months. Flooding is most often seen as a river spate, during
which water rises above the riverbank, flooding valleys and causing material, social, and economic
damage [4,5]. Floods can be divided into four groups according to the source: rainfall, snowmelt, storm,
and ice jams (during winter). Floods caused by rainfall are characterized by vehemence. Their range
and course depend on the nature and duration of rain, soil moisture during precipitation, landform,
and land cover. Snowmelt floods are caused by the rapid melting of snow cover, which is often
accompanied by warming, rainfall, and soil impermeability, which in turn increases the outflow rate.
Snowmelt floods are characterized by a large territorial range. Storm floods arise as a result of strong
winds blowing inland. These winds impede the outflow of rivers into the sea, causing damming and
flooding of adjacent areas. Another reason for the formation of storm floods may be water overflow
due to flood protection (e.g., flood embankments). An ice-jam flood occurs during the ice-runoff period,
when the flow is held in narrowing sandbanks, islands, or places where there is a sudden change in
flow direction, as well as in bridge cross-sections and in the upper sections of dam walls. Riverbeds
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then get stuck where the outflow is stopped, causing water to accumulate and flow into valleys [6].
The largest losses are caused by the most frequent rainfall floods, resulting in severe damage to water
management infrastructure and the agriculture sector. The largest floods of the 20th century in Poland
were reported in 1934, 1960, 1970, 1980, and 1997. The 1980 flood covered very wide areas, including
agricultural areas in drainage valleys in lowland areas of Poland—1.745 milliom ha of arable land
was flooded during that event [7]. During the catastrophic flood that occurred in Poland in 1997,
2800 hydrotechnical facilities were damaged, and over 500 thousand ha of arable land and grassland
were flooded. The year 2010 brought a huge flood and losses comparable to those of 1997 (although
by this time the flood control infrastructure had been significantly modernized) [5]. The flooding
spread across 550 thousand ha, including 470 thousand ha of arable land. Floods affected 2200 towns
and villages, and 67,000 farms [8]. In addition to material losses, floods cause soil degradation by
destroying its structure, excessive compaction, deterioration of retention properties, and a reduction in
water conductivity.

Flood protection methods can be divided into technical and semi-technical. Technical methods of
direct flood protection are mainly aimed at draining large bodies of water and reducing flood waves.
Direct methods include the construction of embankments, retention reservoirs, dry reservoirs, relief
canals, and flood polders. On the other hand, semi-technical methods of flood protection use the
natural retention of catchments. Actions taken are aimed at increasing river-basin retention, delaying
surface runoff, and limiting outflows from watercourses (especially in the upper and watershed parts of
catchments). These activities relate to agriculture and forestry, combined with land reclamation [9,10].
Obsolete and improperly used drainage facilities cannot effectively reduce the impact of floods and
flooding in rural areas; they are also sometimes unattended, and faulty devices themselves can cause
local flooding [11,12].

The primary purpose of drainage is to create air-water conditions in soil which are suitable for
crop growth [13]. Subsurface drainage (also called “tile drainage”) is a common water management
practice in rural areas where the soil has poor permeable and the groundwater table becomes high
periodically [14–16]. In addition, drainage systems are used to prevent waterlogging and flooding [17].
An example of this kind of soil is clay, whose low permeability rapidly leads to waterlogging in crops’
root zones when there is intensive rainfall or snow melting [18]. Although clay soils have a very high
capacity for storing water, only a very small proportion is drainable, and this is water held within
macropores [19]. Research carried out by Irwin and Whiteley [20] showed that tile drainage provides
storage capacity in the soil profile. It can be argued that issues associated with land drainage and flood
protection are closely related. Properly designed and well-maintained drainage systems are conducive
to increasing the retention of the drainage basin, thus providing flood protection [21,22]. This article
attempts to determine the impact that the moisture of heavy soil has on outflow delay, thereby reducing
the risk of flooding agricultural land. The research covered periods of spring thaws, heavy rainfall, and
prolonged autumn rainfall. Two values for calculating the efficiency of precipitation use and the ratio
of drainage outflow to precipitation were introduced: the rainfall retention coefficient (prr) and the
drainage outflow factor (df ). A relationship was found between the groundwater level and air porosity.

The purpose of this work was to investigate the extent to which a drainage system can improve
the retention properties of clay soil and reduce flood risk.

2. Materials and Methods

Field research was conducted at the Lidzbark Warmiński experimental site (54◦08′ N, 20◦35′ E),
located in Warmińsko-Mazurskie province in Poland. Mollic Gleysols developed from loam and clay
dominate in this area. According to USDA soil taxonomy [23], the representative soil profile is divided
into four soil layers: loam (0–25 cm), clay (25–45 cm), clay loam (45–80 cm), and clay (80–150 cm). This
soil is situated in hilly areas with slopes ranging between 2% and 4%. The winter wheat (Triticum L.)
was cultivated in the 2011/12 seasons; the rape (Brassica napus) crop was cultivated in the 2012/13
season; and the winter barley (Hordeum L.) crop was cultivated in the 2013/14 season. The average
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yearly sum of precipitation for this region is 624 mm. The highest rainfall is usually observed in July
and August. The vegetation period lasts about 200 days. A tile drainage system, with 21 m drain
spacing and an average 0.9 m drain depth, occupies the experimental field. This drainage system is
assembled with one collecting pipe (177 m long, with a 7.5 cm diameter) and thirteen drains (5 cm
in diameter, with a total length of 1218 m) (Figure 1). The collecting pipe slopes up to 4%, and its
catchment area equals 2.35 ha [24]. The drainage outflow was measured using an ultrasonic flow meter
installed in a drainage control well. An ISCO 2150 ultrasonic flow meter (TELEDYNE ISCO, Lincoln,
NE, USA) was used for testing, which had previously been adapted to measure the volume of drainage
flows [25–27].
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Figure 1. Visual location and scheme of the experimental site.

The flow meter was placed in a drainage control well, where an area velocity sensor (AV) was
installed in a specially adapted outlet of the collecting pipe. To measure groundwater levels, Mini-Diver
microprocessor recorders were installed in four measuring wells (St1–St4) to measure water level
and temperature changes (Figure 1). Each recorder was programmed to record the groundwater
level every 60 min. The groundwater level measured in St2 was taken for this research. Dielectric
constant measurement for soil moisture calculation was carried out using the FOM/mts Easy Test
device, whose operation is based on the TDR (time domain reflectometry) method. TDR probes were
installed in four characteristic layers of a representative soil profile at the following depths: 15, 30, 50,
and 80 cm. The location of the measuring point (TDR and St2; Figure 1) was chosen as representative
for the entire drainage section. This point is located centrally in the studied area, in the middle of
the slope and approximately in the middle of the drain spacing. A measurement of TDR was taken
every two to three days during the growing season and about once a week outside the growing season.
Meteorological measurements included precipitation, atmospheric pressure, temperature, and relative
humidity. Rainfall measurements were taken using a Davis rain gauge with a logger and Odyssey
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software. This device enables the continuous measurement and recording of precipitation. Reference
evapotranspiration (ET0) was calculated according to the Penman–Monteith formula recommended by
the Food and Agriculture Organization [28,29]:

ET0 =
∆

∆ + γ′
×R′n +

γ′

∆ + γ′
× Ea (1)

where:

ET0—reference precipitation (mm);
∆—the slope of the vapor pressure curve (kPa ◦C−1);
γ′—modified psychrometric constant (kPa ◦C−1);
Rn
′

—the radiation factor (mm d−1);
Ea—the aerodynamic factor (mm d−1).

To calculate the Penman–Monteith reference evapotranspiration, the following meteorological
data are required: daily average air temperature, daily average relative humidity, average wind speed
at the 2 m level, and solar radiation. Potential evapotranspiration was calculated by multiplying ET0

by the crop coefficient (kc), a coefficient expressing the difference in evapotranspiration between the
cropped and reference grass surface. The crop coefficient expresses crop actual mass and development
stage influence on the evapotranspiration value, in sufficient soil moisture content. It is dependent on
crop type, development stage, and yield [29,30].

Soil water retention characteristics were elaborated based on previous research [31,32] and are
presented in Figure 2.
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Figure 2. Soil moisture retention curves for individual soil layers.

Soil water retention curves were used to draw graphs of moisture distribution in the soil profile
corresponding to the field capacity. The graphs presented in the next section are intended to present
the dynamics of changes in soil moisture content relative to the level of the groundwater. These graphs
were correlated with characteristic time intervals, determined on the basis of the rainfall–drainage
outflow relationship.

Three characteristic case studies were considered in this paper:
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Case 1: Early spring (4–30 April 2012)—drain outflow caused by melting snow combined with
heavy rainfall;
Case 2: Spring (1–27 May 2013)—drain outflow caused by intensive rainfall over a few days;
Case 3: Late autumn/early winter (1–27 December 2013)—drain outflow caused by precipitation over a
long period.

Two values were introduced: the precipitation retention rate (prr) and the drainage outflow factor
(df ). The precipitation retention rate shows how much precipitation has been retained in soil during a
given period (including retention used in the potential evapotranspiration process), and is calculated
as in Equation (2).

prr =
(∆SWR + ETP

P

)
× 100 (2)

where,

P—precipitation (m3 ha−1);
ETP—potential evapotranspiration (m3 ha−1);
∆SWR—soil water retention gradient (m3 ha−1);

The precipitation retention rate can be used to calculate the efficiency of precipitation use. A high
value indicates more effective precipitation retention and use of water in the evapotranspiration process.
The ideal value is 100%.

The drainage outflow factor is the ratio of drainage outflow to precipitation and other water
inflows outside the area concerned (Equations (3) and (4)). Other factors (O) represent water balance
components that could not be measured, such as surface runoff, interception, seepage, or surface and
subsurface inflow. These values result from the soil-water balance.

d f =
(Q

P

)
× 100, when O ≤ 0 (3)

d f =
( Q

P + O

)
× 100, when O > 0 (4)

where:

Q—drainage outflow (m3 ha−1);
O—other factors (m3 ha−1);

When O ≤ 0, the drainage outflow factor indicates a soil retention ability, while a high value
indicates poor ability or soil moisture close to saturation. Interpretation is more difficult when O > 0,
because it depends on whether it is in the context of an inflow from the outside or an outflow in the
form of surface runoff. If there is an inflow from the outside, a high value of the df indicates that this
water is being intercepted by the drainage system. If there is surface runoff, a high df value indicates a
drainage system insufficiency.

A relationship was also found between air porosity (AP) and the groundwater level (GWL), which
is described by means of an exponential function:

AP = exp(a× |GWL|) × b (5)

where a and b are shape parameters.
This function applies to the range of the groundwater table (from 15 to 96 cm below ground level).

With the help of the presented relationship (the known level of the groundwater table), it is possible to
predict how much water from precipitation can potentially be retained in the soil.
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3. Results and Discussion

Figure 3 shows the relationships between precipitation, potential evapotranspiration, the
groundwater table and drainage outflow for the considered cases.
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and drainage outflow (c) during the April 2012 observation period.

Case 1: Early spring (4–30 April 2012)
Field measurements started on 4 April. The groundwater level was 15 cm below the surface

(Figure 3b), and soil moisture was close to the saturated water content (Figure 4a). There was a time
of snow melting, so even light rainfall of 4 mm (40 m3 ha−1) caused an immediate reaction from the
drainage system. Drainage outflow rose from a value of 4.4 to 26.4 m3 ha−1 (Figure 3c). Between 7
and 12 April, the groundwater level dropped steadily, reaching a value of −47 cm. On 14 April, there
was very high rainfall (24 mm), as a result of which, after a day, the groundwater table began to rise
significantly (up to −11 cm on 16 April). After two days, there was an intensive drainage outflow of
30.9 m3 ha−1. A significant rainfall of 12 mm (120 m3 ha−1) then took place on 17 April. The drainage
system reacted for three days, during which the outflow value was 38.0 m3 ha−1. The last significant
rainfall (12 mm) during the period in question occurred on 21 April. The response time of the water
table and drain was two days. The groundwater level increased from −16 to −8 cm, and the drainage
outflow from 2.3 to 24.1 m3 ha−1. A lack of rainfall after 24 April, ongoing drainage outflow, and an
increase in potential evapotranspiration (to a value of about 3 mm d−1) contributed to a systematic
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lowering of the groundwater table towards the end of the study period. In order to consider the time
taken for the groundwater table and drainage outflow to respond to precipitation, changes in the
moisture content of the soil profile should be monitored at the same time. An example of changes in
soil moisture content during the periods of 4–7 and 13–17 April are presented in Figure 4. Field capacity
was determined from the pF curves, assuming the position of the groundwater table at drain level,
when the soil solution was in equilibrium with the groundwater table. Initial moisture content should
be understood as moisture on the first day of the period being studied, indirect moisture content as
moisture on a specific day within the considered period; and final moisture content as the moisture on
the last day of the considered period. Initial moisture content was close to the saturated water content,
and the indirect moisture content was comparable with the saturated water content (Figure 4a), where
the soil water table was kept at about −15 cm.
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Starting from a depth of −55 cm, there was a discrepancy between soil porosity and saturated
moisture content. In the −80 to −90 cm layer, this was about 2%. This discrepancy is probably a result
of the measurement accuracy of the dielectric constant (±2%) [33] and the accuracy of the calculation
based on it [34].

It is obvious that in such soil moisture conditions, even with light rainfall, the drainage outflow
will increase immediately. After rainfall, the soil moisture level on 7 April was comparable to the
saturated moisture content, with the groundwater table remaining at −15 cm.

Despite the fact that the groundwater table had dropped to −38 cm by 13 April, soil moisture
in the top layer was only about 1% lower than porosity (Figure 4b). After the occurrence of high
precipitation, the water table rose to −20 cm, and the soil moisture again reached a value comparable
to the saturated water content. During the period under consideration, rainfall occurred several times
(including two occasions with more than 10 mm d−1 rainfall), so the groundwater remained at a high
level, and soil moisture was close to the saturated water content.

Case 2: Spring (1–27 May 2013)
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Figure 5 shows the relationship between precipitation, potential evapotranspiration, the
groundwater table and drainage outflow for considered period.
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Figure 5. Daily values of precipitation and potential evapotranspiration (a), groundwater table (b),
and drainage outflow (c) during the May 2013 observation period.

The beginning of May is a time of intensive plant growth, which systematically increases
evapotranspiration (about 2.5 mm d−1 in the first ten days of May). Increasing evapotranspiration, a
lack of rainfall during the preceding period, and drainage of excess water during early spring caused a
systematic lowering of the groundwater table (Figure 5).

On 6 and 7 May, there was rainfall of 3 and 7 mm, respectively, which stopped the groundwater
table from dropping further than−84 cm. Rain on the following two days did not cause the groundwater
table to rise, but caused a slight increase in the drainage outflow (from 6.6 to 7.7 m3 ha−1). This was
due to preferential flow through the resulting cracks, bypassing the soil matrix. Despite the preferential
flow, the response time of the drainage system to precipitation was two days. Soil moisture also
decreased during the first ten days of May (Figure 6a). At the end of this period, its retention capacity
therefore increased by approximately 150 m3 ha−1 compared to the beginning of the month. Between
11 and 18 May, no rainfall was recorded, but evapotranspiration increased steadily (3.3 mm d−1 on
average). From here, the groundwater table also gradually fell to a level below the drains. At this
point, the drainage outflow finished.
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Then, from 19 May, a four-day period began with low levels of rainfall (40 m3 ha−1 in total).
The groundwater table remained around the drain level, and on the last rainy day, there was a very
small drainage outflow (0.1 m3 ha−1). It can be assumed that the response time between precipitation
and outflow was four days. Soil moisture continued to steadily decrease, and the soil water retention
capacity therefore increased (Figure 6b). At the end of May, these increased by another 560 m3 ha−1,
compared to the end of the first ten days.

Case 3: Late autumn/early winter (1–27 December 2013)
Figure 7 shows the relationship between precipitation, potential evapotranspiration, the

groundwater table and drainage outflow for considered period.
During the period under consideration, evapotranspiration no longer played a role because its

average daily value was 0.4 m3 ha−1 (Figure 7a). It can be assumed that at the beginning of the first ten
days of December, the volume of soil moisture corresponded to the field capacity (Figure 7b), with
the groundwater table at −86 cm (Figure 7b). The precipitation period began on 3 December and
lasted continuously for nine days. It should be noted that there was heavy snowfall between 4 and
8 December (Figure 7a). Calculated for the height of the water column, the total snowfall was 45.6 mm.
The level of groundwater began to rise from the first day of precipitation, while a visible increase in
drainage outflow occurred after two days (Figure 7c). Soil moisture increased significantly between 1
and 5 December (Figure 8a).

At this point, the soil was holding 160 m3 ha−1 of water. The most intense snowfall took place
on 6 December, when 243 m3 ha of water fell during the day. Melting snow and further precipitation
during the days that followed caused a rapid increase in drainage outflow, which amounted to 116.1 m3

ha on 9 December. The slight precipitation (3.2 m3 ha) that occurred on 11 December resulted in a
visible reaction in the drainage outflow after one day. On that day, the groundwater level reached
−10 cm. An average drainage outflow of 63.2 m3 ha−1 was maintained on the following six days. On
16 December, further precipitation measuring nearly 5 mm occurred but did not cause a clear increase
in drainage outflow. The next rainfall of 3 mm (19 December) caused an increase in outflow from 18.1
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to 41.9 m3 ha after two days. The soil reached a state of near saturation (Figure 8b—indirect moisture
content). On 23 December, the groundwater table was at a level of −16 cm, and from that day onwards,
began to drop systematically, reaching a value of −37 cm by the end of the period. Drainage outflow
also decreased to 6.5 m3 ha−1 at the end of the period, and there was a slight decrease in soil moisture
(although this was still close to full saturation).
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At this point, an analysis will be presented of individual elements of the soil-water balance and
soil water retention (rainfall, potential evapotranspiration, and drainage outflow relationship), with a
summary of all three previously described cases (Table 1). Other factors are understood as the other
components of the soil-water balance that were not measured due to technical limitations. Their values
result from the water balance. Considering the location of the experimental site in the landform, it was
assumed that a positive value indicated the inflow of water from the higher area. In contrast, a negative
value indicated both surface runoff and/or deep percolation as well as interception. The theoretical
level of water storage (saturated water content) in a soil profile 0.9 m deep, calculated according to the
total porosity, was equal to 4551 m3 ha−1. From an experimental point of view, it can be assumed that
saturated water content occurred on 7 and 17 April 2012 (Figure 4). The groundwater table was then at
−15 and −20 cm, respectively. The soil water storage was then 4471 m3 ha−1 (rounded).
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Figure 8. Changes in soil moisture content during the periods 1–5 December (a) and 5–27 December (b).

Table 1. Elements of the water balance in the drainage system catchment scale during the periods
under consideration.

Period SWRini P ETP Q SWRend ∆SWR
O

prr df
Value Remarks

4–24 April
2012 4417 632 207 179 4423 6 −240 surface runoff 33.7 28.3

3–24 May
2013 4006 266 681 79 3415 −591 −98 interception deep

percolation 33.7 29.5

1–27
December

2013
3989 746 10 875 4390 401 540

outside
subsurface and
surface water

inflow

32.0 68.0

Where, SWRini—initial soil water retention (m3 ha−1); P—precipitation (m3 ha−1); ETP—potential evapotranspiration
(m3 ha−1); Q—drainage outflow (m3 ha−1); SRWend—final soil water retention (m3 ha−1); ∆SWR—soil water retention
gradient (m3 ha−1); O—other factors (m3 ha−1); prr—precipitation retention rate (%); df —drainage outflow factor (%).

In both early spring and spring, the precipitation retention rate value was rounded to 34%. In the
first case, significant surface runoff was observed during the site visit on 4 April. It was a consequence
of melting snow and continuous rainfall from 27 March to 3 April 2012. The soil was close to full
saturation, so the surface water could not infiltrate and outflow through the drainage system. In the
second case, water loss was influenced by interception and seepage. Drainage outflow factor values
were also very similar and oscillated around 29%. The plant cover was undergoing intensive growth.
From 11 to 18 May 2013 there was no rainfall and the water level was steadily falling, so the negative
O value can be explained by infiltration below the soil profile. In addition, some of the precipitation
that occurred at the end of the considered period remained on the plant canopy and evaporated in
the process of interception. In the third case, the precipitation retention rate was about 2% lower
compared to cases 1 and 2. In contrast, the drainage outflow factor was more than twice as high and
amounted to 68%. Heavy snowfall (especially on 6 December) played a very important role here, as its
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intensive melting during days when the air temperature rose above 0 ◦C caused an inflow of surface
and subsurface water. Note that at the beginning of the considered period, soil moisture was less than
field capacity (Figure 8). The soil retained 401 m3 ha−1, but drained away 875 m3 ha−1 anyway. This
can be explained by the fact that water from melting snow came from the higher areas both in the form
of surface runoff and underground inflow.

Finally, Figure 9 presents a graph of the relationship between groundwater level (GWL) and air
porosity (AP). In order to develop the function, data on soil water retention in the soil profile for
selected days in the considered time periods and the corresponding level of the groundwater table
were used.Water 2020, 12, x FOR PEER REVIEW 13 of 15 
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4. Conclusions

In the first phase of the early spring period, when rainfall caused intense melting of snow, the
groundwater table was over a dozen centimeters below the surface, and the soil moisture was close to
the saturated water content. Thus, even light rainfall caused an immediate reaction from the drainage
system. Around mid-April, when the groundwater table dropped to half a meter, the drainage system
reacted to precipitation after two to three days. In the early spring period, groundwater generally
remained at a high level, and soil moisture was close to the saturated water content.

In the spring period, increasing evapotranspiration, lack of rainfall, and the drainage of excess
water from the early spring period caused a systematic lowering of the groundwater table and the
appearance of cracks. After precipitation, despite the occurrence of preferential flow, the drainage
system worked after three days. At the same time, soil moisture continued to steadily decrease, and
thus the soil water retention capacity increased.

In late autumn, soil moisture corresponded to field capacity, and evapotranspiration no longer
played a role. Heavy snow and then rain caused the groundwater table to rise by about 80 cm and
soil saturation within six days. At this point, the soil was holding 160 m3 ha−1 of stored water. The
drainage system reacted two days after the first rainfall, and the largest outflow occurred after six days.

In both the early spring and spring periods, the precipitation retention rate value was rounded to
34%. Drainage outflow factor values were also very similar and oscillated around 29%. For the late
autumn period, the precipitation retention rate value was about 2% lower than in the early spring and
spring periods. In contrast, the drainage outflow factor was more than twice as high and amounted to
68%.

The greatest risk of flooding on agricultural land is snow melting rapidly under the influence of
rain. Soil near a state of full saturation is not able to retain water, which means that intensive drainage
outflow and surface runoff occurs during the day. In this case, it was found that the soil drainage
system could not take over and delay the outflow, thus reducing the risk of flooding.
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