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Figure S1: A model of system function for the River Mersey reach (adapted from one
originally produced by JBA (2009) and updated by this paper’s authors to reflect changes that
have occurred over the past 10 years based on aerial images © Google Earth). The valley is
split into an ‘active reach’ upstream, characterised by extensive contemporary erosion along
much of the riverbanks, significant long-term lateral migration with a high likelihood of
meander bend cut-offs forming in several places (based on JBA’s study and our assessment of
aerial imagery), and high susceptibility to overbank flooding; and a ‘ponded reach’
downstream, also prone to overbank flooding but with more subdued rates of lateral migration,
fewer locations likely to experience meander bend cut-offs, and more minor and localised
contemporary erosion. A selection of aerial images is displayed to give the reader some
additional perspective of contemporary conditions along the channel. These images show: A)
the evolution of some meander bends between Flixton and Carrington from June 2009 to April
2020; B) extensive bank erosion south of Flixton, potentially placing several National Grid
transmission towers at risk of being undermined by the moving river channel; C) a closer look
at rotational slump failure along several metres of riverbank along both sides of the channel
near Urmston; and D) imagery from March 2017 showing protection measures (installed in
2015) along the southern riverbank to attempt to forestall bank erosion near tower, ZZN014
near Urmston. Transmission tower points © National Grid UK. Note the compass direction in
each panel.
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Text S1: Summary of recent protection measures installed at towers ZZN018 and ZZN024.

Works were carried out during route refurbishments in 2013-2014 at tower ZZN018. These
works comprised bank reinforcement and channel reinstatement works costing in the order of
£0.15 m. Just to the northwest, along the bank that ZZN018 sits atop, rock armour was placed
along a 100-metre length of the river bank and at the base of the tower cofferdam to prevent
further erosion. Rock armour, consisting of ~6000 tonnes of ~600 mm rocks, was placed 60
metres upstream and 40 metres downstream of the tower. This ‘building out’ into the river
channel was agreed with the Environment Agency and involved some re-grading of the channel
bed. Vegetation was also to be planted on the higher sections of riverbank to enhance the
stability of the soil. Vegetation colonisation of the riverbank and the rock armour structure
(installed in 2015) can be observed in freely available historical aerial imagery on Google Earth
from March 2017 to April 2018 and images available thereafter.

The rationale for the rock armour installation came about as the original strategy, which called
for an ‘armorflex’ (a flexible, interlocking matrix of concrete blocks of uniform size and weight
used to control erosion caused by wave action) solution, was no longer suitable due to
requirements for extensive re-grading of the riverbank slopes and the need to remove many
tonnes of soil (which were also laced with Japanese Knotweed and Himalayan Balsam) from
site. The removal of this soil thus becomes very costly and risky due to the controls placed, by
law, on handling invasive species. Therefore, a solution was required which minimised contact
with invasive vegetation as far as reasonably practicable, leading to installation of rock armour
as the new choice of protection.

There is evidence near ZZNO018’s location of older tower structure foundations in the river
channel. While, information on this is unavailable, it is likely to indicate previous relocation
works of tower, ZZN018 mentioned in da Luz et al. (2015). Similar relocation works today
may exceed £0.2 m in cost.

There is also evidence of attempts to protect the bank at tower ZZN024. These works near
ZZN024 were not undertaken by National Grid and we believe consist of little more than
tipping building spoil over the bank side.



55

56
57
58
59
60
61
62

63

64

65

66

67

68

69

70

71

(A) Model spin-up time Model evaluation Model evaluation

200 X > * > * >

mis)
2 B B 2 @
8 8 & 8 8

Input discharge (
g

i
- MK A | 1

@
=}

B
S

mh HJ UL m 4 J

0
31/05/1976 31/05/1983 31/05/1990 31/05/1997 31/05/2004 01/06/2011 31/05/2018
1976 1993 2005 2018
Flow (mJ 5'1)
B75
9. W 105
>
g
>
g 5.
3 g
6 &=
3] =
= g
© c
> c
£ e
c
<, 8
I ‘ ‘ \ E
0.I Ih“ll h h IIII
0 10 f 105
Year Geomorphologlcally effective flow (m s

Figure S2: (A) Historic time-series (31/05/1976-31/05/2018) of daily stream flows from
Ashton Weir at the reach inlet (NRFA, 2020). Years in red mark the dates of available
Ordnance Survey maps. The green box marks the latter 32-year time-series used to create the
six hydro-climate scenarios. (B) Time-series of the annual frequency of geomorphologically
effective flows (75-105 m® s1). (C) The mean annual frequency of the geomorphologically
effective flows (1 standard deviation). Geomorphologically effective flows of parts (A) and
(B) are summarised for the entire 42-year record, not the 32 years used to drive simulations.
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Table S1: CAESAR-Lisflood parameters used to model channel changes along the Mersey.

Parameter (unitless unless stated otherwise)

Value(s) chosen

Sediment
Grain size and relative proportions Size (m) Floodplain Channel Default
0.000002 0.3 0 0.144
0.00006 0.35 0 0.022
0.002 0.2 0.05 0.019
0.004 0.1 0.1 0.029
0.008 0 0.15 0.068
0.016 0 0.25 0.146
0.032 0.05 0.3 0.220
0.064 0 0.1 0.231
0.128 0 0.05 0.121

Suspended fraction | Fall velocity (m s™)
Transport equation
Max velocity to calculate shear stress (m s™)

Yes | 5.4 x107
Wilcock & Crowe (2003) transport model
5

Max erode limit (m) 0.01
Active layer thickness (m) 0.3
Proportion of output sediment recirculated 1

In-channel erosion rate A*

Lateral erosion rate 6 (x10°)*

No. of passes for edge smoothing filter
No. of cells to shift erosion downstream

Max difference for cross-channel smoothing”

Experimented values between 10 & 20
Experimented values between 1 & 10
50

5

0.0001

Slope processes (all other parameters in here are unused or left as default values)

Slope failure threshold (degrees)

50 (maximum slope identified from DEM)

Vegetation
Vegetation critical shear strength (N m2)* 80
Grass maturity (years)* 1
Proportion of erosion allowed at maturity” 0.2

Flow model (discharge units = m®s?)

Input/output discharge difference allowed 9

Min | max discharge for depth calculation 0.15]1000
Water depth to exceed before erosion (m) 0.01

Slope for edge cells (m m™) 0.0001
Evaporation rate (m day™?) 0.00025
Courant number 0.3

hfiow threshold (m) 0.00001
Froude number (flow limit) 0.8

Manning’s n hydraulic roughness value

0.04 (look-up table in Chow, 1959)

73 *The parameters which are changed one-at-a-time to calibrate the model.

74 "This controls lateral redistribution of sediment from the outer to the inner channel bank.
75  *Vegetation critical shear strength based on values from Fischenich (2001).

76  *Grass assumed to fully mature within a year (Lack & Evans, 2001).

77  *Proportion of erosion at maturity is set assuming grass allows twice as much erosion as forest
78  (which we assume to be a minimum of 0.1) and based on a relationship between plant biomass
79  and geomorphic work (Trimble, 2004).



80

81
82

83

84
85
86

87

88
89
90
91

92
93
94
95
96
97
98
99
100
101

102
103
104
105
106
107
108

Text S2: The lateral erosion and in-channel erosion parameters within CAESAR-Lisflood.

Two parameters governing river channel erosion required calibration: the lateral erosion rate
parameter ¢, and the in-channel erosion rate parameter 4. These are as follows:

1
Elat == R_CaQTT (1)

where Eja is the rate of lowering of riverbank cell elevations [m time-step™], Rea is the radius
of bend curvature [m], 6 is a user-specified lateral erosion parameter [-], z is the flow shear
stress exerted by an inundated cell next to the channel bank [N m=] and T is time [s];

A2y = Vo ABT2D )
Dy
where 4Z is the change in cell elevation [m] between time iterations, V is the volume of eroded
sediment [m?], Dx is the grid cell size [m], 1 is the user-specified in-channel erosion rate [-],
and n and n — 1 refer to the donor and recipient cells in the context of sediment routing between
cells, respectively.

Equation (1) governs how rapidly the channel migrates laterally. Channel edge cells are
identified using an edge-smoothing filter in the model during simulation (Coulthard & Van De
Wiel, 2006). Repeated passes of this edge-smoothing filter calculate whether the channel edge
cells reside along the inside or the outside of a meander bend based on the number of adjacent
wet and dry cells. This calculation provides an estimate of the local radius of curvature Rca, for
each grid cell (Coulthard et al., 2007). These Rca estimates are input into Equation (1), along
with the user-specified @ parameter and local flow shear stresses to calculate the lateral erosion
rate. The accuracy of Rca depends upon parameterisation of the edge-smoothing filter and the
number of cells to shift lateral erosion downstream, and these were set based on the average
meander wavelength in the reach (following Van De Wiel et al., 2007).

Equation (2) controls the hydraulic radius of the channel and allows sediment to move laterally
across the channel width independent to the effects of planform sinuosity resulting from
Equation (1) (Coulthard et al., 2013). The value of 1 governs how much sediment is transferred
between cells n and n — 1 (higher values result in greater volumes of inter-cell sediment
transfer). Adjusting values of A in effect adjusts the cohesive strength of the floodplain
sediments with lower values restricting channel widths, but enhancing depth, implying a
greater degree of sediment cohesion (Coulthard et al., 2013).
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Figure S3: Daily sediment fluxes incorporated into the hydro-climate scenarios input into the
Low (blue) and High (red) models. During model calibration, only a stream flow time-series is
fed into the reach. As flows work their way through to the channel outlet, sediment is entrained
and recorded at the outlet as daily sediment flux. In CAESAR-Lisflood, generated sediment
fluxes can be recirculated so that fluxes recorded at the outlet on day, n are fed into the reach
inlet on day, n+1. As geomorphic changes and resulting sediment flux differs between the Low
and High models, each has a separate 32-year time-series of daily sediment fluxes that is
incorporated with the flow series.
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Figure S4: (A) Histograms comparing erosion (negative values) and deposition (positive
values) from 2006 to 2018/19 between EA LIDAR data and the 2 models; (B) DEMs of
Difference showing the spatial distribution of various depths of erosion (purple shades) and
deposition (orange shades).
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