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Temporary storage areas (TSAs) are a type of Natural Flood Management measure or nature-based solution that
can provide additional storage during flood events by intercepting and attenuating surface runoff. Pressures on
land use and an increase in climate change induced storms means there is a need to create additional storage
within multifunctional rural landscapes. Implementation of small-scale TSAs is slowly gaining momentum, but
practitioners still require further evidence on their functioning during different storm events. Here we present the
TSA Drainage Rate Analysis tool (TSA-DRA tool), a novel data-based mechanistic method that only requires
rainfall and TSA water level data to describe individual TSA drainage rates. We developed and then used the TSA-
DRA tool to perform a multi-site assessment of different TSAs, allowing comparisons of TSA functioning across
different types or time-variable factors. TSA design and outlet were found to be the dominant controls on
drainage rates when the feature is full. Meanwhile, time-variable differences in functioning were more evident at
lower water levels, when soil infiltration was the main TSA outflow. Results from a modelling experiment using
observed time-variable TSA drainage rates suggested that these can impact the TSAs flood mitigation effec-
tiveness. Specifically, for a particular event, soil conditions of a TSA in NE Scotland were more effective during
spring than winter in attenuating surface runoff. Understanding spatial and temporal differences in TSA drainage
rates will help optimise existing and future TSA designs, ensuring small-scale headwater TSAs are successfully
integrated within rural catchments to mitigate an increasing exposure to hydrological extremes.

1. Introduction erosion (Roberts et al., 2023; Suttles et al., 2021; Wilkinson et al., 2019).
They may also be referred to as a Natural Flood Management (NFM)
approach or Runoff Attenuation Feature (see Quinn et al., 2022). TSAs

can come in a variety of types and volumetric sizes, but are all designed

Changes in land use and an intensification of the hydrological cycle
due to climate change are set to exacerbate flood risk globally (Gud-

mundsson et al., 2021; Merz et al., 2021). Changing rainfall patterns and
an increase in rainfall erosivity are also creating additional issues, such
as soil erosion and drought (Luetzenburg et al., 2020; Panagos et al.,
2022; Pokhrel et al., 2021; Polade et al., 2014). These factors contribute
to an increasing complexity of water resource management (Ficklin
et al., 2022). Consequently, there is now a need to create additional
catchment storage that attenuates surface runoff (Bokhove et al., 2020),
which not only mitigates flood risk, but also addresses multiple envi-
ronmental issues.

Small-scale (<10,000 m®) headwater temporary storage areas (TSAs)
are a type of nature-based solution (NbS) that can create dispersed and
new catchment-based storage on land to mitigate flooding and soil
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to attenuate runoff by disconnecting quick flow pathways. The design
typically ensures that they drain within 1-2 days, maximising their
available storage capacity for attenuating subsequent storm events and
minimising farmland inundation times and effects on crops (Hewett
et al., 2020; Quinn et al., 2022). Small-scale headwater TSAs offer a
sustainable solution to catchment management and have been used to
mitigate various flooding and erosion challenges around the world
(Lucas-borja et al., 2021; Suttles et al., 2021). For example, TSAs have
been shown to reduce peak flows by 30 % in the 5.7 km? Belford
catchment (UK) by providing a total additional ~ 3500 m3/km? of
storage (Nicholson et al., 2019). In the Loess Plateau (China), TSAs
accounted for a 58 % reduction in soil losses (Zhao et al., 2015) and were
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effective in trapping coarse silt for soil and water conservation (27-42 %
of total sediment content) (Wang et al., 2018). Despite the multiple
benefits TSAs can provide, uptake by practitioners remains limited
(Brillinger et al., 2021; Raska et al., 2022), with one key evidence gap
being how functioning depends on location and varies with time (Ngai
et al., 2017; Penning et al., 2023).

A number of empirical studies have explored the functioning of in-
dividual TSAs (Lockwood et al., 2022; van Leeuwen et al., 2024).
However, there remains limited empirical evidence on how different
types of TSAs function, how their functioning is affected by the role of
place (e.g., catchment location and soil type) and whether their func-
tioning is time variable. TSA functioning can be described by the rela-
tionship between TSA available storage, fill rates (inputs) and drainage
rates (outputs). While inputs are mainly a function of the amount and
timing of rainfall and catchment characteristics, TSA storage and
drainage depend on TSA design and local soil properties (Fennell et al.,
2022; Roberts et al., 2023). How TSA storage declines with time after
rainfall ultimately determines the TSA available storage for the next
rainfall event. Improved understanding of local TSA drainage rates will
therefore help address more broadly individual TSA functioning and
flood mitigation effectiveness in terms of TSA available storage.

Variations in rainfall, antecedent conditions and soil structure can
have implications for both TSA fill and drainage rates (Hankin et al.,
2017; Lockwood et al., 2022). The time-variable nature of soil structure,
influenced by land management practices such as tillage (O’Connell
et al., 2007; Strudley et al., 2008), as well as biological factors, such as
vegetation type and cover (Hudek et al., 2022; Lu et al., 2020), suggests
that TSA drainage rates may vary over time. Repetitive and prolonged
ponding has also been shown to decrease soil infiltration rates (Hallett
et al., 2016; Lassabatere et al., 2010; Levine et al., 2021), which would
suggest that TSA drainage rates deteriorate with time. Thus, it is
important to understand TSA functioning across varying time-variable
conditions and determine hydrological thresholds that cause distinct
drainage rates.

Currently, there is no systematic approach for characterising the
functioning of various TSA types from empirical data (Connelly et al.,
2023; Penning et al., 2023). Monitoring of features is steadily
increasing, but this is typically limited to rainfall and TSA water level
data. There is therefore a need for an approach that relies on such pri-
mary data only, while being flexible enough to consider a wide range of
TSA designs and site characteristics. Offline ponds (bunds on flood-
plains) are one of the most extensively studied TSAs (e.g., Ghimire et al.,
2014; Lockwood et al., 2022; Nicholson et al., 2019), however existing
methods often rely on high-resolution digital elevation models (DEMs)
for mass balance analysis or they assume that there are no infiltration
losses from the feature. Time-variability is often overlooked as well, but
differences in drainage rates may have implications for TSA available
storage and their flood mitigation effectiveness. Understanding differ-
ences between TSA types and time-variability will help inform both
existing and future TSA designs and their management.

The overall aim of this study was to develop and test a systematic
approach for characterising TSA functioning which can be applied to a
range of TSA types and be used to explore variability in functioning with
time. More specifically the objectives were to: (i) develop a data-based
mechanistic method for assessing individual TSA drainage rates that
can be adapted for all TSA types; use this to (ii) establish whether there
are time-variable drainage rates in multi-site TSAs with long-term
datasets; (iii) determine if any such time-variable functioning varies
across locations or TSA designs; and (iv) explore what the effect is of
time-variable drainage rates on TSA functioning for different storm
events.
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2. Data and methods
2.1. Study sites

The study includes long term (>1 year) data from five headwater
TSAs that were different in type and volume, and which were integrated
within multifunctional rural landscapes, such as arable, livestock
farming and moorland (Fig. 1 and Table 1). All TSAs were in the north-
east of the UK, so the prevailing humid temperate climate was compa-
rable. Detailed descriptions of each TSA site were provided by Ghimire
et al. (2014) for Tarland, Wilkinson et al. (2010) for Belford and Fennell
etal., (2020,2022) for Glenlivet; a brief summary is provided below and
in Table 1.

The Tarland bund (Fig. 1 and Table 1) was constructed using soil to
reduce the risk of sediment rich overland flow entering a village
downstream (Wilkinson et al., 2019). The feature is situated at the field
boundary in an existing grass buffer margin. Land use in the contributing
area is arable (Table 1), but it has also been used for cattle pasture from
late autumn to early spring some years. The arable land becomes
inundated when the TSA water level exceeds ~ 10 cm. The Belford
offline pond was constructed using hardwood timber panels to create a
‘leaky’ wall that attenuated runoff and stream spill in the uplands of the
Belford Burn (Fig. 1 and Table 1) (Wilkinson et al., 2010) (Table 1). It
was also designed to trap sediments and nutrients that were being
mobilised from livestock poaching during wet conditions (Nicholson
et al., 2012; Wilkinson et al., 2010). The Belford bund was designed to
intercept a dominant overland flow pathway and provide a pass for
machinery during wet conditions in the lowlands of the Burn (Fig. 1 and
Table 1) (Nicholson et al., 2012). At Glenlivet, a sequence of wooden
and earth leaky barriers were installed to attenuate runoff in ephemeral
streams, thereby improving drought resilience for the distillery by
enhancing summer low flows (Fig. 1 and Table 1) (Fennell et al., 2022).
Although primarily designed for drought management, they do provide
flood mitigation benefits as well, highlighting the multi-benefits TSAs
can provide (e.g., Short et al., 2019). The wooden leaky barrier is more
of a traditional in-channel feature, whereas the earth leaky barrier isa ~
0.5 m depression (below ground level) that has no outlet pipe. Soil type
within the TSA wetted footprint changes from the peaty topsoil for the
wooden leaky barrier, to the exposed freely draining mineral subsoil for
the earth leaky barrier. The monitored wooden and earth leaky barriers
are located within the same ephemeral stream, with the earth feature
being the next TSA downstream from the wooden.

These TSAs were selected for the study as they provide multiple
examples of available small-scale headwater TSAs (Roberts et al., 2023),
with each TSA either differing in design or catchment setting. This

Fig. 1. TSA case studies and location within the NE of the UK for Belford (B),
Glenlivet (G) and Tarland (T).
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Table 1
TSA dimensions, additional TSA information and catchment characteristics.
Tarland Belford Glenlivet
TSA name and type Tarland bund Belford bund Belford offline pond ~ Wooden leaky barrier Earth leaky barrier
TSA storage capacity (m%) ~200 ~500 ~800 ~0.1 ~0.2
TSA height (m) 0.5 1 1 0.35 0.5
Outlet design Pipe Pipe Leaky wall Leaky wall and weir None
notch
Outlet pipe height (m) 0.25 0.5 Multiple gaps Multiple gaps NA
Outlet pipe diameter (m) 0.2 0.3 ~0.002 gaps ~0.002 gaps NA
TSA contributing area (km?) 0.32 0.18 0.5 0.1 0.1
Land use in contributing area Arable - spring barley / winter wheat  Arable and grass Permanent pasture Heather Heather
(rotational)

Sub-surface tile drainage Yes Yes Yes No No

beneath TSA
Monitoring period Jul 2015 to Feb 2023
Tarland Burn (74 km?),
Aberdeenshire (UK)
Soil World Reference Base: Cambisols
Texture: Sandy loam to sandy clay
Drainage: Free
~200
~800

Catchment

~120
~700

Mean elevation (m.a.s.l.) (m)
Mean annual rainfall (mm)

Feb 2010 to Mar 2011
Belford Burn (5.7 km?), Northumberland (UK)
World Reference Base: Stagnosols

Texture: Fine loamy over clayey drift
Drainage: Poor and seasonal waterlogging

Aug 2008 to Mar
2011

May 2021 to Jul 2023 May 2021 to Jul
2023

Blairfindy (0.9 km?), Moray (UK)

World Reference Base: Podzols / Histosols
Texture: Organic

Drainage: Free / Poor

~438

~900

allowed for a broad assessment of TSA functioning and therefore a better
understanding of the main factors controlling drainage rates and
whether time-variable functioning differed between location or TSA
type. A multi-site assessment was chosen to increase the TSA empirical
evidence base beyond offline ponds, but also to test the flexibility of the
new data-based mechanistic method.

2.2. Data

Local rainfall and TSA water level data were used to assess TSA
functioning and effectiveness. At all sites, water level was measured at
15-minute intervals at the lowest point behind the TSA, so it captured
the maximum height of each structure. This was collected using pressure
transducers (In-Situ Rugged TROLL 100 and van Essen Mini-Diver),
which also recorded water temperature. At all experimental sites, rain
gauges (0.2 mm tipping buckets) were located near the TSAs (<5 km)
and recorded tips were aggregated to provide 15-minute records. Data
from nearby weather stations (max. 20 km) were used to provide sup-
plementary meteorological context and included temperature, estimates
of potential evapotranspiration (PET) and soil moisture to help describe
catchment conditions for each storm event. Storm annual exceedance
probability (AEP) estimates were provided by Marsh et al. (2016) for
Tarland and by for Wilkinson et al. (2010) and Nicholson et al. (2019)
for Belford.

2.3. Data analysis

TSA water level and local rainfall were used to assess TSA func-
tioning and provide an overview of TSA conditions during the moni-
toring periods. The assessment required water level to identify
decreasing segments (recession periods) and the rate at which the
feature is draining, while rainfall was used to estimate the time at which
there is no surface runoff entering the TSA following the storm event. To
provide an overview of TSA functioning during the monitoring period,
two water level thresholds were chosen to describe the frequency and
inundation times of TSA events. A greater than 10 % water level
threshold was chosen to describe how often the features were active and
their average inundation time before they returned to near empty levels.
A greater than 50 % level threshold was used to show TSA performance
at fuller levels, highlighting the potential effect of outlet design (if
applicable) on TSA available storage for subsequent events.

2.4. TSA drainage rate analysis tool (TSA-DRA tool)

A new data-based mechanistic method was developed to analyse the
drainage rates of TSAs and assess whether time-variable functioning
differs across location and TSA design. By focussing on TSA drainage
rates, our aim was to address more broadly functionality and how the
feature drains following a storm event, leading to a better understanding
of factors affecting TSA available storage and their flood mitigation
effectiveness. The approach integrates overall functioning over many
storms to reduce the variability of individual events and provide a
consistent description of drainage. Flexibility was a key consideration
during development, ensuring the method’s applicability to different
types of TSAs and allowing for exploration of variability in TSA func-
tioning between sites and over time.

We therefore developed the TSA Drainage Rate Analysis tool (TSA-
DRA tool), which brings together and builds on a set of automated re-
sources. The methods include: (i) extraction of recession periods
(Fig. 2a), (ii) creation of a master recession curve (MRC) and (iii) fitting
a model to describe TSA drainage (Fig. 2b). The tool has been developed
in R programming language (R Core Team, 2021) and is available to be
downloaded from an open database (see conclusion for details). The
MRC method is a graphical approach that has been previously used for
recession analysis of baseflows (Carlotto & Chaffe, 2019; Duncan, 2019;
Lamb & Beven, 1997). MRCs overcome the variability of individual
recession curves and events by considering several curves over a longer
period (Lamb & Beven, 1997; Snyder, 1939; Tallaksen, 1995). MRCs
describe the rate of change in discharge over time, offering insights into
the dynamics of catchments or streamflow, especially during periods of
decreasing water levels (Carlotto & Chaffe, 2019; Lamb & Beven, 1997).
Here we use MRCs to determine a consistent description for TSA
drainage (Fig. 2b), before exploring time-variable differences at each
site (Fig. 2¢).

2.4.1. Extracting individual recession curves

The automated extraction of recession curves uses the basic princi-
ples of recession analysis (Fig. 2a). Individual recession curves were
extracted using five essential criteria with the option to add more,
depending on TSA design. The essential criteria for extraction included
that there must be periods during which (1) TSA water levels decreased
and (2) were at or below the maximum TSA height, (3) there was no
additional rainfall, (4) water temperatures were above 0 °C, and (5) the
duration of the recession curve exceeded the minimum recession length
value.
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Fig. 2. An example of the TSA drainage rate analysis tool method using the Tarland dataset. a) Extraction of recession curves (red dots) from timeseries that match
the recession criteria; b) The creation of the master recession curve (MRC) and the fitting of a segmented linear model to describe TSA drainage; c¢) Time-variable
MRC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The first criteria for extracting individual recession curves is a dif-
ference in level between consecutive time steps being less than zero (dL/
dt < 0) (Brutsaert & Nieber, 1977; Carlotto & Chaffe, 2019). Volume can
be used instead of level data, however unless high-resolution DEMs are
available, there can be uncertainties when quantifying TSA level-volume
relationships. The TSA full line was used to identify overflow events and
was determined based on field observations during storms. These
overflow events were then excluded from drainage rate analysis by only
extracting recession curves that were below the TSA full line.

To avoid or minimise additional water entering the TSA during
recession analysis, recessions were only extracted following a user
defined time value (hours) since the last rainfall. Runoff generation and
duration depends on a variety of factors such as, rainfall intensity and
duration, soil type, land management, vegetation, antecedent conditions
and topography (Castillo et al., 2003; O’Connell et al., 2007; Panagos
et al., 2022). Therefore, the time value that relates to the length of the

dry period after rainfall cessation should be site specific and user
informed. Following a series of laboratory experiments, Ran et al. (2012)
estimated that runoff can last up to ~ 20 minutes following the event.
The dry period after rainfall cessation should also be informed by the
TSA type and desired drainage rate analysis. For example, larger
volumed TSAs such as bunds and offline ponds (Table 1) normally have
an outlet pipe to maximise available storage and thus, are only tempo-
rarily full during larger storm events (Wilkinson et al., 2019). To assess
TSA drainage from full to empty would therefore require a smaller dry
period after rainfall cessation. A moving window sum that is the
equivalent length of the user defined time value since last rainfall (e.g., 2
h) was applied to the rainfall timeseries. Recessions were then extracted
when cumulative precipitation was less than the maximum precipitation
negligibility value, which by default was set to 0.2 as it represents one
tip of the rain gauge.

To avoid errors with frozen water behind the TSA, the user can set a
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TSA water temperature value, whereby recessions are extracted when
the water temperature is greater than the specified value (here 0 °C).
Finally, the extracted recessions were filtered so the length of each
recession period is equal to or greater than the minimum recession
duration value (e.g., >= 1 h). The essential criteria for the extraction of
individual recessions are summarised in Equation (1):

Recessions = dL/dt < 0& L < TSA full level & cum.P

< max.P_neg & T > water’™ & Ry, > minRy, (@))

where L is level (m), dL/dt is difference in level between time steps (m),
cum.P is cumulative precipitation (mm), max.P_neg is maximum pre-
cipitation negligibility (mm), T is temperature threshold for frozen
water (°C), waterfs’* is the TSA water temperature value (°C), Ry, is the
recession duration (hours), and minRy, is the minimum recession
duration.

User defined values were built into the recession extraction method
so it could be applied to multiple TSA designs and locations. Vogel and
Kroll (1992) suggested that for recession analysis a moving average
should be applied to suppress noise, so a 5-point moving average was
applied to 15-minute record water level data. For the Tarland bund and
Belford TSAs, the dry period after rainfall cessation was set at 2 h to limit
surface runoff input and the minimum recession duration was set at 1 h
to ensure there was enough data at fuller levels. The dry period after
rainfall cessation was adjusted to 8 h for the Glenlivet leaky barriers to
try and limit the volume of surface and subsurface runoff input. The
minimum recession duration was also increased to 2 h to provide a
better representation of drainage, which was achievable due to more
TSA events (data) for these features. An additional recession criterion
was used for the Belford offline pond (Fig. 1 and Table 1), whereby re-
cessions were extracted when the stream stage was less than the stream
spill height. If desired, the user could look solely at soil infiltration by
only extracting recessions when the TSA water level is less than the
outlet height. The extraction criteria should result in enough recession
curves to create the MRC, ensuring there is overlap between individual
curves across the full TSA level range (Carlotto & Chaffe, 2019; Duncan,
2019; Lamb & Beven, 1997; Snyder, 1939).

2.4.2. Automated master recession curve (MRC)

Several approaches for MRC determination have been used previ-
ously, including the matching strip method (Snyder, 1939) and corre-
lation method (Langbein, 1938). The TSA-DRA tool uses the matching
strip method for MRC determination (Fig. 2b), as it is the most
commonly used approach in other studies (e.g., Carlotto & Chaffe,
2019), and has been found to be approximately one order of magnitude
more accurate than the correlation method (Nathan & McMahon, 1990).
The correlation method involves plotting the level at one time point (L,
against level one time interval later (L; ; 4;) for the selected recession
periods, and a curve then fitted to the data.

The matching strip method involves sorting recession curves by
minimum values (high to low). Recession curves are then moved so the
positional index of the minimum value for each recession coincides with
the position of the corresponding value in the immediate lower curve.
Finally, a curve is fitted to the minimum value of each time interval.
However, the matching strip method traditionally only utilises the lower
end of each recession. Therefore, time-variable differences in recession
curves may not be fully captured. An additional step was added to the
beginning of the matching strip method, where each recession was split
so they were equal to the recession duration value. This means that more
segments of each recession curve are used to create the MRC and they
are overlapped based on the slope gradient at that depth rather than at
the lower end.

2.4.3. Fitting a model to the master recession curve (MRC)
For fitting a model to the MRC, a segmented linear model approach
was chosen to simplify the analysis and ensure that the method was
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transferable between TSA types that may have different drainage pat-
terns (Fig. 2b). Segmented linear models were fitted to the MRC points
using the ‘segmented’ package in R programming (Muggeo, 2008). It is
an iterative procedure (Muggeo, 2003) that requires initial breakpoint
estimates. The algorithm is made less sensitive to initial breakpoint es-
timates by implementing bootstrap restarting (Wood, 2001). The
segmented regression model is estimated and provides relevant
approximate standard errors of all model parameters, including break-
points. To ensure the method is consistent, the automated ‘strucchange’
package (Zeileis et al., 2002) was used to estimate initial breakpoint
values. The ‘breakpoints’ function uses the algorithm described in Bai
and Perron (2003) for simultaneous estimation of multiple breakpoints.
It detects structural breaks in the timeseries and then optimises the
performance of the regression model by selecting the optimal number of
breakpoints and their corresponding x-axis values.

2.4.4. Time-variability

The above method was repeated with additional extraction criteria
to explore seasonal and annual variability (Fig. 2c). Seasonality was
used to assess the effects of temporal changes in soil structure due to
both natural (e.g. weather) and land management (e.g. tillage) factors as
well as the impact of antecedent conditions (Lu et al., 2020; Quinn et al.,
2022; Strudley et al., 2008). Analysis of TSA drainage rates between
years was done to determine if the features degraded following pro-
longed and repetitive ponding (Lassabatere et al., 2010; Levine et al.,
2021).

2.5. Modelling the impact of time-variable drainage rates on TSA
available storage

To explore the impact of any time-variable funtioning of TSAs on
their effectiveness to capture and store runoff for flood management, we
used a simple water balance modelling approach to evaluate the effects
of variable drainage rates on TSA available storage. Specifically, we
applied winter and spring TSA drainage rates to TSA functioning of the
Tarland bund. This TSA had the most comprehensive dataset, including
a large storm event that caused widespread flooding in December 2015 -
January 2016 across NE Scotland. The peak flow for the River Dee
(2100 km?) during this event was estimated to have a 0.5 % AEP (Marsh
et al., 2016). Tarland bund level (m) was converted into volume (m®)
using a depth-volume relationship that was estimated from a 1 m Lidar
DEM.

For any given TSA, we can assume that the TSA inputs equal the TSA
outputs and a change in storage, following Equation (2):

inputs(surface runoff + subsurface flow + direct precipitation)(,)
= dS)
— outputs(soil infiltration + outlet pipe + overflow + PET)(H)
(2)

For which inputs (m3/15 min), outputs (m3/15 min), and dS(t) (m3) is
the observed volume for each time interval.

To estimate the outputs of the TSA water balance model at any given
volume, conditional statements and empirical based equations were
used to define drainage via soil infiltration, outlet pipe and overflow.
Soil infiltration rates were derived from the general MRC for the Tarland
bund, which uses the entire dataset to create a general description of
drainage. The drainage rate of the general MRC for when water level was
less than the height of the outlet pipe was used to represent soil infil-
tration (Equation (3)):

If TSA water level < outlet pipe height

3
Soil infiltration = Tarland bund general MRC ( < outlet pipe height) ®

Due to insufficient above outlet pipe data for some time-variable MRCs,
Torricelli’s formula was used to estimate outlet pipe discharge by
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assuming hydrostatic flow through a small orifice (Equation (4)):

If TSA water level > outlet pipe height 4

Outlet pipe = C,A \/ 2gH @
where H is TSA water level (m), A is cross-sectional area of the outlet
pipe (m?), g is gravitational acceleration (9.8 m/s%) and C; is coefficient
discharge, which was set at 0.65 and typically ranges between 0.61 and
0.75 depending on the orifice type (Hicks & Slaton, 2014). This
approach standardised outlet pipe discharge between time-variable
scenarios and it was used to represent TSA drainage when water level
was above the outlet height. Overflow was calculated by subtracting the
maximum TSA storage (200 m?) from the TSA volume. Finally, PET was
calculated in mm using the Penman-Monteith method from local
weather station data and converted to m> by using the wetted area of the
TSA.

The sum of the TSA outputs for each time interval and difference in
volume (dS) from observed data was then used to estimate the TSA in-
puts for each time interval, according to Equation (2). To explore the
impact of time-variable drainage rates on TSA effectiveness (Equation
(5)), TSA outputs were recalculated for given TSA volumes, but using
spring and winter MRCs to describe soil infiltration instead of the gen-
eral MRC.

dSyy = TSA inputs; — TSA outputs_y) 5)
3. Results
3.1. TSA events and wider hydroclimatological conditions

We found high variability in the inundation characteristics of the
different TSA types included in the study (Table 2, Fig. 3). This can be
associated with differences in TSA design, although local TSA storage
dynamics and function are also dependent on rainfall and catchment
properties. For example, the earth leaky barrier (no pipe outlet) had
similar inundation times above thresholds greater than 10 % and 50 %
full (90 and 82.5 days/year, respectively), whereas there were signifi-
cant differences in these relative inundation times for TSAs with a pipe
or other outlet (Table 2). TSAs with smaller volumes, such as the
Glenlivet leaky barriers, regularly reached fuller levels which may also
be due to their positioning within an ephemeral stream (online TSA)
(Table 2 and Fig. 3).

For TSAs with larger volumes, such as the Tarland bund and Belford
offline pond, pipe outlets only tended to become active during signifi-
cant storm events, mainly in autumn and winter months (Fig. 3).
Throughout the timeseries, soil infiltration was therefore the dominant
TSA outflow. Large storm events were observed across the TSA case
studies that caused the features to reach full levels. For example, a 2 %
AEP storm event occurred at the Belford offline pond in September
2008, following significantly higher monthly rainfall totals than the
long-term average during June, July and August (Fig. 3b). During this
event, 96 mm of rain fell over a 36-hour period. Both Belford TSAs
reached fuller levels during the March 2010 event, with 59 mm and 77

Table 2
Summary of TSA water level data and inundation times.
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mm of rainfall recorded for the previous two days (Fig. 3b). AEP was
estimated at 20 % and 8 % for the daily rainfall totals. However, TSA
level fullness was ~ 75 % for the offline pond compared to ~ 45 % for
the bund (Fig. 3b). The Tarland bund frequently overflowed in January
2016, following a prolonged period of intense rainfall, where daily totals
of precipitation reached highs of 44 mm (Fig. 3a) and peak flow for the
River Dee (2100 km?) had an estimated 0.5 % AEP. In November 2022,
the Tarland bund and both Glenlivet TSAs were active following
excessive wet conditions. Maximum daily rainfall totals were 65 mm at
Tarland and 31 mm at Glenlivet (Fig. 3).

3.2. Time-variable TSA drainage rates

The general drainage behaviour of the TSAs was found to be com-
parable for similarly structured TSAs (i.e., larger volumes and TSA
outlets), such as the Tarland bund, Belford bund and offline pond
(Fig. 4a). These TSAs exhibited an exponential decay MRC shape,
requiring 50 to 70 h for complete emptying. Meanwhile, the smaller-
volumed wooden leaky barrier had more of a linear MRC shape, tak-
ing ~ 40 h to empty (Fig. 4a). The earth leaky barrier, characterised by
below-ground level storage and no outlet, showed an increasing nega-
tive MRC slope, typically taking ~ 60 h to empty (Fig. 4a). It is impor-
tant to note that using volume instead of level may yield different MRC
shapes, but the time to empty will remain the same.

Despite differences between TSA case studies (volume and location),
the outlet design played an important role in maintaining available
storage when levels exceed ~ 50 % fullness (Fig. 4a and Table 2). TSAs
with an outlet tend to have an inundation time of ~ 10 h for these events
(Fig. 4a and Table 2). This is characterised by steeper drainage at fuller
levels, which is equal to ~ 28 mm/hr at the Tarland bund, ~37 mm/hr
at the Belford offline pond and ~ 23 mm/hr at the wooden leaky barrier
(Fig. 4a). The drainage rate decreased with level for TSAs with an outlet,
as the main outflow switched to soil infiltration (Fig. 4a and Table 2). All
TSAs have further drainage via the soil that will operate at the same time
as outlet flow, albeit at much slower rates. This is evident in the earth
leaky barrier (no outlet), where the MRC shape remains fuller for longer
(Fig. 4). However, as the TSA level decreases, the drainage rate increases
(~38 mm/hr) (Fig. 4).

Seasonal time variability was most evident at the Tarland bund,
Belford offline pond and earth leaky barrier, while the Belford bund and
wooden leaky barrier showed comparatively less variability (Fig. 4b).
Meanwhile, inter-annual time-variability was most clearly observed at
the Tarland bund and earth leaky barrier, and less so at the Belford TSAs
and Glenlivet wooden leaky barrier (Fig. 4c). Where observed, time-
variable differences in drainage rates were most noticeable at lower
TSA levels (<50 %) when the dominant outflow is via soil infiltration
(Fig. 4). Seasonal MRCs indicated a general trend whereby spring
drainage was the quickest and winter the slowest (Fig. 4b). For example,
at Tarland the drainage rate below the outlet pipe reached highs of ~ 21
mm/hr in spring, compared to ~ 5.5 mm/hr for other seasons. It is worth
noting that TSAs which create additional above ground level storage (i.
e., Tarland bund, Belford TSAs and Glenlivet wooden leaky barrier) had

Site TSA type TSA full  >10 % TSA level fullness >50 % TSA level fullness
level n Mean n Mean Mean inundation n Mean n Mean Mean inundation
(m) per year inundation (days/year | (%jyear)) per year inundation (days/year | (%year))
(days) (days)
Tarland Bund 0.4 661 85 0.4 34| (9.5 %) 34 4 0.4 2| (0.5 %)
Belford Bund 1 40 37 0.25 9.5 | (2.5 %) 0 0 0 0
Offline pond 1 153 58 0.5 29 | (8 %) 14 5 0.4 21 (0.5 %)
Glenlivet Wooden 0.35 90 42 1.5 58 | (16 %) 96 45 0.5 27 | (7.5 %)
leaky barrier
Earth leaky 0.5 45 21 4.5 90 | (25 %) 45 21 4 82.5 | (22.5 %)

barrier
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Fig. 3. TSA timeseries data. a) Tarland, b) Belford, c) Glenlivet, i) = precipitation (P), ii - iii) = TSA water level.

fewer observations at fuller levels (>50 %) during spring and summer,
due to drier antecedent conditions (Fig. 3). The Tarland bund displayed
the most inter-annual variability, with the greatest drainage rates
occurring in 2015 (installation year) and 2020 (Fig. 4c), although this
site also had the longest record. The Glenlivet earth leaky barrier
appeared to take longer to drain in 2022, which coincided with settling
and increased sedimentation following installation (2021) (Fig. 4c).

3.3. The impact of time-variable drainage rates on TSA available storage

Observed data from a multiday storm event (0.5 % AEP) between
December 2015 and January 2016 at the Tarland bund were used for the
TSA model to explore the potential effect of time-variable TSA drainage
rates (Fig. 5). Prolonged rainfall resulted in a series of overflow events
occurring, with the maximum TSA volume of water behind the feature
reaching ~ 240 m® (Fig. 5). Precipitation (total of 270 mm in 21 days)
reached a peak intensity of 6 mm/hr (Fig. 5a). Fig. 5b shows the esti-
mated TSA inputs and outputs when deriving soil infiltration rates from
the general MRC (Fig. 4a). Soil infiltration rates were then changed to
explore the effect of winter versus spring scenarios (Fig. 4b) on the TSA
available storage.

Figure 6 demonstrates how time-variable differences in soil infil-
tration can impact TSA flood mitigation effectiveness during large storm
events. The drainage rates as observed in spring provide relatively more
available storage for longer, compared to the drainage rates as observed
in winter (Fig. 6a). This means that for the same event (from Fig. 5),
there would be less overtopping (Fig. 6b) and outflow from the outlet
pipe (Fig. 6¢), corresponding to more soil infiltration (Fig. 6d) for spring
TSA drainage rates as opposed to winter TSA drainage rates. Figure 6a
suggests that there was no difference between time-variable scenarios
when the feature was full (low TSA available storage), which can be
related to the outlet pipe being the dominant outlfow (max. ~ 40 m3/15
min) (Fig. 6¢) and being of a much higher magnitude than soil

infiltration (Fig. 6d). Figure 6b reveals that when using spring drainage
conditions, the frequency and magnitude of overflow was less compared
to using winter drainage conditions, suggesting that soil inflitration
rates and antecedent conditions affect TSA flood mitigation
effectiveness.

4. Discussion
4.1. TSA-DRA tool and the role of design on TSA functioning

The TSA-DRA tool provides a new systematic approach for charac-
terising TSA functioning, specifically drainage, across a wide range of
TSA types and sizes. As part of its flexibility, it provides a fully empirical,
data-based mechanistic method, which has relatively few data demands
given it relies only on precipitation and TSA level data. The TSA-DRA
tool guarantees transferability among TSA types (Fig. 1) and holds
relevance for other NbS features, such as sustainable drainage systems
(SuDs). It serves as a valuable resource for enhancing understanding of
individual TSA functionality and effectiveness, contributing to the NbS
and NFM empirical evidence base (Connelly et al., 2023; Penning et al.,
2023). It hereby adds to other NFM studies that have used data-based
methods to quantify the hydrological impact of interventions at the
catchment scale (Mindham et al., 2023; van Leeuwen et al., 2024). The
TSA-DRA tool also possesses the capability to estimate soil infiltration
rates, a parameter that has not always been considered or quantified in
prior TSA studies. This estimation provides an important function for
TSA modelling (Fig. 6). The adaptability of the TSA-DRA tool allows for
the investigation of time-variable functionality and -effectiveness,
thereby addressing a constraint previously recognised in the adoption of
TSAs by practitioners (Ngai et al., 2017; Raska et al., 2022). Neverthe-
less, conducting time-variable analysis requires longer datasets with an
adequate number of TSA filling events, which may not always be
available. One other challenge lies in characterising all TSA inputs,
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Fig. 4. TSA time-variable master recession curves (MRCs). a) general MRCs, b) seasonal MRCs, ¢) annual MRCs.

specifically additional surface and subsurface flow, especially when
assessing drainage rates at fuller TSA levels.

Application of the TSA-DRA tool to data from five different TSAs
revealed how TSA functioning can vary specifically based on design
(Table 2 and Fig. 4). Ultimately, the TSA design is typically specific to its
local context (Ngai et al., 2017). Nevertheless, despite variations in total
storage between local TSAs, a general finding was that the design of the
outlet determined the dominant outflow when levels exceeded 50 %
fullness and thus an important factor for maintaining available storage
(Fig. 6). Metcalfe et al. (2018) suggested that NFM storage features
should have retention times of the order of 10 h to maximise their
impact on large flow peaks and subsequent storm events. The earth leaky
barrier and Belford offline pond (Fig. 4), revealed longer retention times,
potentially diminishing their effectiveness for a sequence of events.
Outlets should provide an appropriate discharge that maximises avail-
able storage during multiday storm events, thereby reducing the risk of
overflow (Fig. 6) (Lucas-borja et al., 2021; Metcalfe et al., 2018). When
TSAs are full, their flood mitigation effectiveness diminishes as they only
provide a small reduction in velocity due to drag and longer flow
pathways (Nicholson et al., 2019). However, the slower drainage rates
observed here at lower TSA levels (Fig. 4), are typically linked to longer
retention times. When converted to volume, these slower drainage rates
at lower levels may have a negligible impact on the available storage for
subsequent events. In addition, the earth leaky barrier at Glenlivet was
primarily designed to maximise groundwater recharge and has no
outlet, which accounts for its longer retention times. It is possible that
the Belford bund outlet was too large due to no greater than 50 %
fullness occurrences (Table 2). When TSAs are positioned on productive
land, the outlet design should ensure that there is minimal impact on
farm productivity by reducing inundation times at fuller levels (e.g.

Tarland bund) (Hewett et al., 2020). The earth leaky barrier illustrates
the impact of having no outlet and storage below ground level, resulting
in extended inundation periods (Table 2 and Fig. 4). A delayed response
to subsurface flow, coupled with the TSA-DRA tool’s limitation of not
excluding all TSA inputs at fuller levels, may result in a longer inunda-
tion time for the earth leaky barrier. The drainage rate of the earth leaky
barrier increases as the level decreases, most likely due to less subsurface
input and a higher soil infiltration rate associated with the mineral
subsoil that was exposed during installation (Fig. 4). Understanding the
soils and geology within the TSA footprint is therefore important when
considering TSA design, especially when there is no outlet (Fennell et al.,
2022; Levine et al., 2021; Reaney, 2022).

Beyond the outlet pipe, subsurface tile drainage can be used to
maintain infiltration rates within the TSA footprint, with varying levels
of success dependent on the design, soil type and condition. However,
there could be a risk of exporting nutrient-rich waters into faster sub-
surface pathways. Therefore, these drains should be managed at stra-
tegic locations (e.g., end of drain wetlands) where appropriate (Barber &
Quinn, 2012). The Tarland and Belford bunds share similar designs, yet
they exhibit variations in drainage rates beneath the outlet pipes
(Fig. 4a), most likely due to disparities in soil properties and field
drainage systems (Table 1). Subsurface tile drainage can help maintain
local functioning by increasing soil water storage capacity (Marshall
et al., 2009). However, they can deteriorate due to physical damage, in-
filling by soil and plant roots or soil structural degradation causing less
effective water transport (Hallett et al., 2016). Soil structural degrada-
tion can be exacerbated when drainage is impeded within wetter soils,
with surface sealing (Assouline & Mualem, 2001) and greater slumping
occurring (Augeard et al., 2008). Field drainage systems can vary in
design and spacing, but site specific knowledge is often sparse due to
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Fig. 5. Winter 2015/16 storm period at the Tarland bund. a) hourly precipitation (P), b) estimated volume of water behind TSA.

limited historical records (installed 50-100 years ago) (Hallett et al.,
2016). The differences in MRC shape between bunded TSAs may also
result from the use of level instead of volume data. If accurate DEMs
were available for each site to convert level to volume, they would have
most likely displayed an exponential decay fit. This is due to the com-
bined impacts of hydraulic head on drainage rate and of surface
topography on water storage.

4.2. TSA functioning through time

Time-variable functioning of TSAs was most prominent at the Tar-
land bund, Belford offline pond, and earth leaky barrier, particularly at
lower TSA levels, where soil infiltration was the dominant outflow
(Fig. 4). Soil properties can undergo alterations in short timeframes,
influenced by factors such as major weather events or tillage (Levine
et al., 2021; Strudley et al., 2008), as well as over extended periods
through agricultural and biological activity (Hudek et al., 2022; Lu et al.,
2020). Seasonal MRCs identified that TSAs generally drained slowest in
winter and quickest in spring (Fig. 4b). Initial soil water content in
surface layers is an important control on runoff and infiltration,
particularly in low intensity storms (Castillo et al., 2003). Therefore,
seasonal MRC differences may be attributed to wetter antecedent con-
ditions in winter and drier conditions in spring. In peatland systems
(Glenlivet), soils are susceptible to shrinkage during dry conditions
(Seidel et al., 2023), resulting in less recession events in the summer due
to rapid drainage (Fig. 3 and Fig. 4b). However, soil time-variability has
minimal significance for the wooden leaky barrier, due to the engi-
neering design and associated undercutting or seepage around the small-
scale feature (Fig. 4).

The degradation and regeneration of soil structure are key factors
that could explain time-variable disparities in TSA functioning observed
in Fig. 4. Frequent inundation during the wetter autumn and winter
months could cause coalescence of the soil structure and the reduction of
macropores (Ghezzehei & Or, 2000; Levine et al., 2021). Erosional de-
posits have also been shown to reduce infiltration capacities (Lassaba-
tere et al., 2010; Levine et al., 2021). Wetter soils within the TSA
footprint at the Tarland and Belford TSAs may also be vulnerable to
compaction by livestock, resulting in the formation of an anisotropic soil
pore system (Hamza & Anderson, 2005). Meanwhile, the growth of plant
roots and restoration of soil structure might explain enhanced drainage
rates observed in spring (Fig. 4b) (Hudek et al., 2022; Lu et al., 2020). At
Tarland, a significant area of the TSA footprint covers arable soils.
Consequently, tillage serves as a means to reset the topsoil structure
following inundation, enabling landowners to reincorporate sediment-
rich soils back into the field (Fig. 4c) (Robotham et al., 2023). Levine
et al. (2021) previously suggested that infiltration rates decline with
time, which is evident for the earth leaky barrier due to increased
sedimentation and erosional deposits not being removed. It is worth
noting that annual MRC variability was influenced by the dominant
recession events for that year, meaning they may reflect certain ante-
cedent conditions, land use or vegetation.

TSA flood mitigation effectiveness was found to be influenced by
time-variable drainage rates (Fig. 6), highlighting the significance of
antecedent conditions and temporal changes in soil structure on TSA
performance (Lockwood et al., 2022; Quinn et al., 2022). Understanding
the dynamic nature of drainage rates not only improves knowledge of
how TSAs function during different storms (Ngai et al., 2017; Raska
et al., 2022), but also offers the potential for design optimisation. For
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Fig. 6. Impact of time-variable drainage rates on the Tarland bund’s available storage during a large storm event.

example, adjustable outlets could be used to manage time-variable
functioning, allowing for faster or slower drainage rates as required,
as demonstrated at Holnicote (National Trust, 2015).

4.3. Optimising TSA designs and management strategies

NFM design tools could be employed before implementation to
optimise outlet design and retention times (e.g., Follett et al., 2023).
Alternatively, hydrological modelling could inform outlet design (Han-
kin et al., 2017), or adjustments could be made post-installation based
on empirical data analysis (Nicholson et al., 2012), including TSA-DRA.
Enhancing soil infiltration rates within the TSA footprint could also
improve functioning, thereby affecting TSA available storage for both
small and large storm events (Fig. 6). Soil infiltration serves as the pri-
mary outflow for larger-volume TSAs in the more common small to
medium storm events, with outlets only becoming active during
exceptionally wet conditions (Table 2 and Fig. 3). For example, soil
infiltration accounts for approximately 65 % drainage of the cumulative
volume of water stored behind the Tarland bund across the ~ 8-year
monitoring period. Stutter et al. (2020) describe the concept of ‘3D
buffers’ and how soft-engineering and vegetation management within
field boundary margins or TSAs, could be used to optimise functionality
and address other issues. For example, vegetation within the TSA foot-
print could be used to improve infiltration rates (Hudek et al., 2022; Lu
et al., 2020), whilst tackling diffuse pollution through nutrient uptake
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and increasing biodiversity (Stutter et al., 2020; Zak et al., 2019).
Maintaining year-round vegetation cover within the TSA footprint has
the potential to boost soil organic carbon content and aggregate stabil-
ity, consequently mitigating the risk of soil structural degradation
(Hamza & Anderson, 2005). Roots of cover crops can also be used to bio-
engineer agricultural soils. Hudek et al. (2022) found that species which
possess greater root length and surface area, such as oat, rye, and
buckwheat, can significantly increase topsoil porosity in compacted soil
at 30 cm depth. However, in the deeper compacted subsoil at 50 cm
depth, only mustard and radish improved soil porosity. Periodic tillage
at Tarland was found to alleviate the effects of frequent and prolonged
inundation (Fig. 4c). This highlights the potential for integrating TSAs
within agricultural lands, offering improved TSA functioning through
tillage and advantages to landowners in terms of soil and nutrient
retention (Robotham et al., 2023; Strudley et al., 2008). However, the
development of a plough pan impedes vertical infiltration and enhances
interflows (Bertolino et al., 2010), and once formed, they can persist for
decades and be challenging to alleviate (Jones et al., 2003).

It is important that TSAs remain multifunctional in their design, but
trade-offs and tensions can arise between the primary and additional
benefits. For example, below ground level storage associated with the
earth leaky barrier resulted in longer inundation times (Table 2 and
Fig. 4), which is not desirable when the inundated land is for example,
used for agriculture, but would be better suited for biodiversity, soil
erosion and water conservation (Fennell et al., 2022; Robotham et al.,
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2023). Additional benefits are often missed and can be difficult to
quantify when assessing the value of NbS (Connelly et al., 2023; Short
et al., 2019). Glenlivet provides an example of how a sequence of TSAs
could be strategically employed to address multiple catchment issues by
adapting the primary function of each feature.

5. Conclusions

This study presents a new data-based and systematic approach for
characterising TSA functioning, with the results from a multi-site anal-
ysis contributing to the NbS and NFM empirical evidence base. The
novel TSA-DRA tool revealed various factors that influence TSA
drainage rates. We found that TSA functioning changed through time
due to temporal changes in soil structure and antecedent conditions.
This was most evident at lower water levels, when soil infiltration was
the dominant outflow. TSA outlet and design were found to be crucial
for regulating available storage when the feature is full. The TSA-DRA
tool provided important soil infiltration estimations, which were uti-
lised to model the impact of time-variability on TSA effectiveness. The
TSA modelling results emphasise the importance of time-variable fac-
tors, highlighting less overflow for the spring soil infiltration scenario
compared to winter during a large storm event.

Soil infiltration emerged as the dominant TSA outflow during small
to medium storm events. Future research should focus on monitoring
temporal changes in soil structure and their impacts on TSA functioning.
The TSA modelling exercise revealed the potential of well-structured
soils to improve TSA flood mitigation effectiveness. This could inform
the development of management strategies aimed at optimising TSA
performance and addressing time-variable differences. While this study
enhances understanding of individual TSAs, future research should
assess the effectiveness of TSAs at the catchment scale. This would entail
exploring optimal methods for distributing additional storage within
headwater catchments and considering the influence of location, scale,
and time on TSA flood mitigation effectiveness.

Enhanced insights into TSA functionality and time-variable nuances
are invaluable for shaping future design and management strategies.
This knowledge is crucial when implementing small-scale headwater
TSAs, particularly with the mounting complexity of water resource
management and hydrological extremes. The TSA-DRA tool offers
invaluable insights into the functioning of various TSA types, high-
lighting the significance of time-variable drainage rates on TSA flood
mitigation effectiveness.

The TSA-DRA tool is an open source and is available from: https:
//github.com/martynr27/TSA-DRA-tool.git.
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