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1 EXECUTIVE SUMMARY

Padstow HarbourCommissioners wistedto have a better understanding of sediment movements
with in the estuary and how this relates/or is influenced by dredging activity Apackage of survey
work was proposedby Ecospan Environmental limitedto provide data to build a mathematical
model of the estuary that could be used to investigate different strategies for management of the
Camel estuary to keep the access to tipert open and viable.

This study for the Padstow Harbour Commissioners tggprovided up to date information about
the lower estuary through the bathymetric, sediment and tidal current surveys. It has also led to
the development of a useful tool (a mathematical model of the estuary) for investigating the likely
effects that different management strategies wouldhave on the estuary. The model shows how
sand from Padstow bay migrates into the estuary and accumulates where the tidal flows reduce
as the estuary widens out. This results in the formation of the intertidal sandbanks between
Padstow and Rock. As a ralt, continual dredging is required to ensure the channels to Padstow
Harbour remain accessible.

Specific findings from this study have been:

1 The model is able to reproduce the tidal conditions in the estuary.

I Sediment sampling from Padstow Bay to justamith of Padstow town showed that the
composition of the sands/sediments in the Camel estuary are quite homogenous whereas the
sediment sample from Padstow Bay had more coarse material and no very fine sand. The
only other different sample came from the itertidal sandflats nearest to Rock.

I Sand deposition in the estuary, known by the constant need to dredge certain areas, is
reproduced by the model.

1 The model predicts that deposition on the east side of the estuary in the area just to the north
of a linebetween Padstow harbour and Rock which is the result of the direct transport of sand
from Padstow Bay on the flood tide.

1 The model also predicts deposition on the west side of the estuary in and around the narrow
channel providing access into Padstow hadur. This appears to occur through
remobilisation and redistribution of sand from the intertidal sands that stretch right across
the estuary between Padstow and Rock. In addition, some of the material lost from the
dredger during suction dredging at theupper end of the Camel main channel will also deposit
in the Padstow channel and in the harbour. However, this is a significantly smaller quantity
than that originating from natural remobilisation of intertidal sand flats.

1 Some sand from the dredging operation (a very thin layer) is predicted to be deposited
upstream as far as where the estuary has started to narrow and where the intertidal sands
start to change into intertidal mud banks. However, the quantities from the édge will be
insignificant when considered with that from natural remobilisation of the intertidal sand
banks.

1 The transition to intertidal mud banks indicates that further upstream the bed deposits are
from a different source, most likely fluvial materid being brought downstream with the river
flows.

1 There are no fine particles of mud and silt in the dredge material which could contribute to
build up of mud or silt upstream of the dredge areas.

1 The sand spit on the eastern side of the estuary, where itas its narrowest, is not the cause
of the deposition area just upstream but rather another consequence of it.

9 Dredging operations are essential to maintain navigable channels to Padstow harbour
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9 If dredging remains at the present levels within the channeéreas it will not affect sand
erosion from Daymer bay. This is much more likely to have result from increased wave action
seen in this area.
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2 INTRODUCTION

Padstow is situated approximately 3.25 km inside the mouth of the Camel estuary on the north
Cornwall coast, UK (Figure 1). Padstow Harbour Commissionemmissioned Ecospan
Environmental to complete apackage of survey work toprovide data to build a mathematical
model of the estuary that could be usetlb understand sediment movement within the estuary
and inform the ongoing management of the dredging program

Figure 1.  Padstow: location of the harbour, town and areas in the estuary where sand
builds up (outlined in red) . Also photograph of the area from Padstow
looking north along the main channel to Padstow Bay.

Padstow Harbour

Padstow
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This report provides the survey data collected and describes the structurd the model. Running
the model has also provided information and understanding on how the accretion of sand in the
estuary occurs. The report also includes results from numerical investigatiomgoking at the sand
spit that has formed on the east side dhe estuary at its narrowest point and on the movement
of lost sand that occurs during the suction dredging operations at the upper end of the main
channel of the estuary.

The model forms a useful tool that can be applied to study questions that mightise on the
dynamics of the estuary and the sand movement and on approaches to managing the estuary that
might be of interest in the future.

3 QUALITYASSURANCE

Ecospan Environmental Ltd has an ISO 9001 accredited quality management system to ensure
that we work to the highest standards expected by our customers. We undertake all work in
accordance with standard operating procedures and recognised national and international
guidelines. This Quality Management System ensures that we deliver a high levelat&e to all

our customers.

4 SURVEY DESCRIPTION AND DATA ANALYSIS

The survey undertaken in the Camel estuary for this study consisted of three different
components:

1 Measuring bathymetry data throughout the tidal length of the estuary to provide up to
date information for the Padstow Harbour Commissioners and for Ecospan to build a
mathematical model of the estuary.

9 Tidal current measurements in the channel of the estuary leading from Padstow Bay to
Padstow town approximately 2.5 km to the south of th&oom Bar. Data collected over
both neap and spring tides.

1 Sediment sampling:

o Fixed position instantaneous sediment samples
0 Use of a sediment trap to measure sediments being moved into and out of the
estuary on the flood and ebb tides

Photograph provided by the Padstow Harbour Commissioners. From Google Earth, 220.

3.1  Bathymetry of the estuary

The water depths in the estuary were surveyed ofi2th, 13" and 23d-26th March. Details of the
survey work are given in section 3.1.1

3.1.1 Survey Vessel and Equipment

%AT OPAT %l OE Ol ICbaltdl Qukveyomdas (sAdOfG) Anis survey. This 7.9 m Sea
Cheetah catamaran is MCA CAT 3 coded and provides a stable platform from which multibeam
bathymetric surveys can be completed. Its shallow draft enables easy access over intertidal areas.
The following hydrographic equipment was used to undertake the single beam and multibeam
surveys:
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1 Sonarmite echo sounder. This has been developed by Ohmex specificatly shallow
water hydrographic surveying applications. The SonarMite instrument uses highly
reliable bottom tracking algorithms that provide high quality data.

1 R2Sonic 2020 multibeam. This is a compact high performance 256 beam wideband
shallow water multibeam echo sounder that operates from 200 to 400 kHz. It has variable
swathe coverage selections from 10° to 130° as well as the ability to rotate the swathe
port or starboard in real-time.

1 SMC 108 Motion sensor. The IMWOS is a highperformance roll, pitch, heave surge and
sway motion sensor with high angle accuracy during accelerations. It has a resolution of
0.01m for heave, surge and sway.

1 Hemisphere VS330. This GPS uses RTK corrections from Leica Geosystems SmartNet.
The two antennas are mounted separately and provide a heading accuracy of < 0.04°. The
RTK corrected positioning provides a horizontal accuracy of £ 1cm and vertical accuracy
of £ 2cm.

1 Valeport sound velocity sensor and Mini sound velocity profiler.

HYPACK® softvare was used for survey preparation, running and data processing. Hypack is the
most widely used hydrographic software package in the world providing all of the tools necessary
to complete hydrographic surveys. It provides tools to design a survey, coltedata, apply
corrections to soundings, remove outliers, plot field sheets, compute volume gquantities and
generate contours.

Tidal heights were determined using RTK corrected heights from the Leica Geosystems virtual
base stations which enabled centimeteaccuracy to be achieved. Sound velocity readings with
depth were determined on a number of occasions in each of the survey areas using a valeport
miniSVP Sound velocity profiler, and these were then used in Hypack to correct the soundings
taken.

Further details of the bathymetric survey are given in Appendix 1.

Figure 2: Bathymetry data show ing depths as metres above or below chart datum .
n
,ji;Z 1 ‘
[ %
Ls
e
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3.2 Sediments

Two types of £diment samplingwere undertaken during the survey

1. Fixed positioninstantaneous sediment samples
2. Use of a sediment trap to measure sediments being moved into and out of the estuary on
the flood and ebb tides

3.2.1 Fixed position instantaneous sediment sampling

The fixed position sediment samples were collected oft7 march 2020 grab. These samples
labelled PSA1 to PSA&@ndwere collected at the positions shown in Figur8. These samples were
stored in 250 ml sample containers and brought back to the laboratory. Sediment particle size
distribution was determined by Ecogan Environmental Ltd. following SOP LAB41 by a
combination of dry sieving and laser particle sizing using a Malvern Mastersizer 3000. Samples
were taken from all stations.

Theresults for the 9 samples are shown numerically in Table 1 and graphically Figure 4.

Table 1. Results of the Particle Size Analyses for the 9 fixed position sediment
samples.
Size >4000 >2 <4 >1 <2 >0.5 >250 >125 >63 >31 >16 >8 >4 <4
ranges um mm mm <1 mm <500 <250 | <125 <63 <31 <16 <8 pm
yum pm pm pm pum pm pum
Station | Pebbles | Granules Very Coarse | Medium Fine Very Silt: Silt: Silt: | Silt: | Clay
coarse sand sand sand fine 31- 16- 8- 4-8
sand sand 63 31 16
PSA1 52.21 1.38 1.98 10.72 21.17 11.28 0.64 0.12 0.19 0.05 | 0.24 | 0.03
PSA2 0.24 0.06 0.19 197 40.32 52.31 | 4.91 0.00 0.00 | 0.00 | 0.00 | 0.00
PSA3 7.53 0.70 4.10 42.62 38.29 6.36 0.13 0.17 0.00 | 0.05 | 0.05 | 0.00
PSA4 10.26 1.10 2.09 23.32 42.45 19.84 | 0.70 0.00 0.00 | 0.04 | 0.21 | 0.00
PSA5 4.86 0.11 2.19 24.27 43.14 23.61 | 1.62 0.00 0.00 | 0.09 | 0.11 | 0.00
PSA6 0.17 0.53 2.27 15.09 43.92 34.98 | 3.05 0.00 0.00 | 0.00 | 0.00 | 0.00
PSA7 0.41 0.07 0.17 0.53 25.00 60.05 | 12.92 | 0.00 0.02 | 0.52 | 0.30 | 0.00
PSA8 0.00 0.00 0.03 2.76 13.05 18.04 | 15.12 | 17.34 | 13.63 | 9.19 | 6.43 | 4.43
PSA9 0.00 0.00 0.00 6.06 49.30 41.62 | 2.62 0.00 0.00 | 0.25 | 0.15 | 0.00
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Figure 3: Positions of sediment samples PSAl to PSA9 and the sediment trap
deployment (samples S1 to S7).

L
I8
RPadstows

(O
Padstows

Positions for
sedimentsamples

i Position for
sedimenttrap
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Figure 4: Plots of the Particle Size Analyses for the 9 fixed position sediment
samples.
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3.2.2 Sediment trap data

The sediment trap data were collected on the 11, 18" and 24h of March 2020(Table 2). The
samples were collectedusing aHelley-Smith Samplersediment trap (Figure5). These samples
labelled S1 to S7 were collected at the positiomarked in Figure 3. These samples were stored
in plastic bags andorought back to the laboratory. Each sample wadried and weighed, sieved
and then analysedor particle size. The resuls for the 7 samples are shown numerically in Table
3 and graphically in Figure6.

The 7 samples all show a very similar range of sediment particle sizes; this is a small quantity of
coarse sand, 4660% medium sand, 3550% fine sand, and a small quantitef very fine sand. The
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average of the "S" samples is also shown in Figure (Bnd Table 3) and this particle size
distribution is used for the modelling of the mobile sand.

The sediment trap data arewas variable and considerably more sampling effort overmultiple
tides would be requiredto assess the variability andquantify the net sediment transport into the
estuary. As an alternative the 2019 dredging returngprovided by the harbour Commissioners)
have been used to estimate a net input sediment. The range of values of net sediment input to
the estuary is estimated from the dredging returns vary from 130 to 423 te per tide, with an
average value of 301 te per tide.

Table 2. Times, tides, sample times and sample dry sediment weight (g) .
Tidal range Sample Dry sediment
Sample Tide Date Time (GMT) (m) time (hrs) weight (g)
S1 PW trap Flood tide | 11.03.20 | 13:04-18:50 7.7 5.77 7448.03
S2 Neap flood 18.03.20 | 07:55-09:50 2.8 1.92 3937.68
S3 Neap ebb 18.03.20 | 15:45-16:45 2.7 1.00 235.26
sS4 Neap ebb 18.03.20 | 13:35-14:35 2.7 1.00 120.09
S5 Neap flood 18.03.20 | 10:45-11:45 2.8 1.00 211.73
S6 Spring Flood 24.03.20 | 14:39-15:39 5.9 1.00 436.92
S7 Spring ebb 24.03.20 | 06:37-07:37 6 1.00 300.4
Table 3. Results of the Particle Size Analyses for the 7 sediment trap samples.
rasniégs >4 mm >r$1:14 >r%1r:2 <zorﬁ5m 25(5)8 Z;ég <>16235 Zgé Z;(:IS. <>1E23 Zg ::1
um pm pm pm um pm pm
Station | Pebbles | Granules c\égge Csl);:je Mse;iri]udm g;rr]]% \f/iﬁ:ay glit—. ?.gt—. SEIBI—L i”; Clay
sand sand 63 31 16
s1 0.00 0.38 0.99 14.89 | 4480 | 3457 | 323 | 0.07 | 046 | 0.16 | 0.45 | 0.00
S2 0.00 0.00 0.10 7.36 50.15 | 39.75 | 2.36 | 0.00 | 0.00 | 0.13 | 0.15 | 0.00
s3 0.00 0.00 0.14 3.18 49.07 | 4506 | 2.56 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
sS4 0.00 0.00 0.00 6.73 50.42 | 40.21 | 2.26 | 0.00 | 0.00 | 0.08 | 0.30 | 0.00
S5 0.00 0.00 0.06 6.04 49.08 | 42.08 | 2.23 | 0.00 | 0.00 | 0.30 | 0.21 | 0.00
S6 0.00 0.00 0.00 1.99 46.14 | 4891 | 2.97 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
s7 0.00 0.00 0.00 0.34 4203 | 5402 | 3.61 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Average | 0.00 0.05 0.18 5.79 4738 | 4351 | 2.75 | 0.01 | 0.07 | 0.10 [ 0.16 | 0.00

The PSA2PSA6, PSA7 and PSA9 samples all have a very similar particle size distribution as the
sediment trap samples; PSAS5 is similar but also contains some coarser material. PSA1, from
Padstow Bay is noticeably coarser and PSA3 slightly less so (just inside of the Doom Bar). Moving
down the channel PSA4 (north end) is similar to PSA3 and to PSA5 (soutlderi channel). Sample
PSA8 (midestuary sand flats south of Padstow) has a much broader and flatter particle size
distribution which may indicate the marine sand is mixing with fluvial sediments from the river
system.
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Figure 5: Helley -Smith Sampler, sediment trap .

Figure 6: Plots of the Particle Size Analyses for the 7 sediment trap sa mples and the
average.
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3.3  Current speeds

Tidal current speeds and directions were measured on the spring tide of ®March 2020 and on
the neap tide of 18 March 2020. On each occasion measurements were taken at 3 positions
(Table 4, Figure7) and at houty intervals throughout the whole tide. The measurements were
taken using aRDI 600 Workhorse ADCP(Acoustic Doppkr Current Profiler) with a bin size of
0.25 m and giving values of current and direction for each bin over the water depth from surface
to estuary bed. The ADCP was deployed in the bottom tracking mode from Ecospan
%l OEOT 11 AT OA1T , OA8O -#! AAO o Al AAA OAGHAOAE
Vessel position and heading was recorded using a hemisphere vector RTK corrected GPS.

For the period 2 hours either side of low water on the spring tide there was insufficient depth to
take measurements at station 3 so the nearby position (station 3a) was used for that period
(Table 4, Figure?).

On run 12 of the spring tide an extra set of measuremeés were taken at station 4. This point
(Table 4, Figure7) wasjust upstream of the sand spit on the east side of the estuamhere a back
eddy formed at that time.

Figure 7: Positions where the tidal currents were measured

Stn Nos
1

Sand spit

3a

= O'a' 8
Padstows RadsStows 3

9
N »
I8

Positions for tidal
current measurements
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Table 4. Summary of stations and dates/times (GMT) when ADCP tidal current data
was collected.
Positions Latitude Longitude
Station 1 50.56197846 | -4.93549714
Station 2 50.55098709 | -4.93423896
Station 3 50.54176249 | -4.93062961
Station 3alow tide
(only needed on spring | 50.54565 -4.93208333
tide)
Extra point (Stn 4) just
upstream of the sand | o &) 1g3333 | 4 9331
spit where reverse eddy
was occurring
Neap tide -- 18™ March
2020
Run number Sart Finish Notes:
1 06:05 06:25 Sations in order 1,2 andthen 3 every
2 06:55 07:20 time. Timings may not be exact
3 07:58 08:10
4 08:55 09:15
5 09:50 10:10
6 10:50 11:10
7 11:50 12:10
8 12:50 13:10
9 13:50 14:10
10 14:50 15:10
11 15:50 16:10
12 16:50 17:10
13 17:50 18:10
14 06:05 06:25
Spring tide -- 11t March
2020
Run number Start Finish Notes:
1 06:30 06:47 Sations in order 1,2 and then 3 every
2 07:35 07:46 time
3 08:25 08:44
4 09:25 09:54
5 10:26 10:47 3 moved to low tide position
6 11:19 11:38
7 12:21 12:46
8 13:20 13:42
9 14:25 14:40 3 moved back to original position
10 15:25 15:40
11 16:23 16:40
Extra point recorded in Padstow near
12 1723 1741 harboEr due to back eddy
13 18:22 18:38
ER20-427 Pagel4 of 65
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3.3.1 Spring tide currents (Figure 8)

The peak tidal current speed occired at Station 1 (outer end of the channel) on the ebb tide
(3.56 kts) whilst at Station 2 (midway down to Padstow) the peak of the ebb tidevas 2.47 kts
and on the flood tide the speedwas up to 2.92 kts for a short period (only one reading).
Measurements for Station 3 were interrupted from 10:30 am to 14:00 pm, due to ¢hshallow
water, and the alternative position Station 3a was used during this period. Both the peak ebb
(2.51kts) and peak flood .60 kts) measurements were from Station 3. The back eddy was only
measured once (18:57 pm) and the flow was quite strongtd.75 kts and directed more towards
the east bank of the estuary.

Tidal currents of this magnitude are quite capable of lifting sand particles and transporting them
in and out of the estuary on the flood and ebb tides.

Figure 8: Spring tide measurements of water movement, at stations 1, 2, 3 and 4 (in
the reverse eddy) .
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3.3.2 Neap tide currents

(Figure 9)
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The neap tide current speeds are approximately 65% of the spring tide values. The peak speeds
were 1.94 kts on ebb and flood, and the highest speeds occurred at Station 2. Interestingly the
current speed at Station 1 appears virtually constantut since the flow direction changes by 180
between 7 and 8 am and between 1 and 2 pm, the flow must go to zero been these time
intervals. The zero flow wasn'tseen because itoccurred between sampling times. These currents
will transport some sand but less than the spring tide and fewer of the largest particles.

Figure 9:

Neap tide measurements of water movement,

at stations 1, 2 and 3.
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5 GENERAL DESCRIPTION OF THE FVCOM MODEL AND THE AREA

COVERED

The mathematical model for Padstow is built on the FVCOMY software which consists of a

3-dimensional (3-D) tidal hydrodynamic model, acoupled 3-D water quality modeland a particle
tracking model.

1 The hydrodynamic model computes tidal currents, salinity and temperature on a-B grid
over the area simulating water flows, salinity and temperature distributions in the horizontal

and vertical planes. A more detailed description of the theoretical basis of this model is given
in Appendix 2.
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1 The water quality model is fully linked © the hydrodynamic model and is set up to compute
chemical concentrations across the area resulting from effluent discharges at specified
locations (Appendix 2). The module of the software has been enhanced at Ecospan to
compute tidal average and tidal maimum concentrations as well as concentrations at
different stages of the tidal cycle.

1 The particle tracking module has been significantly upgraded at Ecospan to track drogue
movements, sedimentsand particle movements andchemical slicks on the water surdce or
sea bed.

The model coversthe areaof the Camel estuary from a line from Stepper Point to Pentire point
across Padstow Baydefining the mouth of the estuary, upstream to Egloshayle at the upper tidal
limit. The model uses an irregular triangulagrid with size 20 m near thetidal limit, increasing
to 190 mat the mouth of the Camel estuaryThe grid is refined to approximately 40 m in the main
channel of the estuary and to 25 m in the channel leading into Padstow harboufhe complete
model grid is shown inthe main part of Figure 10 and the insets on this figure show detail of the
main channel into the estuary and Padstow harbour.

Data on water depths (Figurell) have been taken from Admiralty Chari® 5603.5 and from the
bathymetry data described in section 3.1 above. The grid has been refined to better define the
main channels and better represent the depth data of Figure 2. Further grid refinement has been
made down the channel leading to Padstow harbour and around the harbour itself.
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Figure 10.

Model grid : whole estuary, left inset for main channel and right inset for

Padstow harbour.
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Figure 11.  Water depths (m from Chart Datum) for the model: whole estuary, top inset
for main channel and right inset for Padstow harbour area
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The nearest Standard Port in the Admiralty Tide Table@/olume 1B 2020)is Newquay (Table 5),
approximately 17 km to the southwest (as the crow flies) or 26 km around the coastyhere the
mean spring tides have a range @4 m and mean neap tides a range of@mI2,

Table 5. Tidal heights for Newquay (referenced to chart datum)
Tidel LAT MLWS MLWN ML MHWN MHWS HAT
Height (m) -0.2 0.6 25 3.7 53 7.0 7.8

Tidal elevations at Padstow have been predicted using th€ides and Currents Pro software
(v2.5b) Il software and plotted for 2 days before the start of the survey for a month. Data was
generated at 5 minuteintervals for that period and plotted in Figure 2. From this short data set
the maximum spring range was 7.7 m and the minimum neap range 4.
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Figure 12.  Tidal elevations at Padstow for the period 10/3/20 to 10/4/20.
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Figure 13. River network flowing into the Camel estuary.
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Freshwater inflows to the estuaryare shown on Figurel3. The Camel is the main input at the
head of the estuary, and is the only river that is gaugedrhe Allen and Ruthern join the Camel
just upstream of the estuary tidal limit but downstream of the gauging on the Camel and the
Amble flows into the estuary on the northern side at the point where the estuary starts to widen.

Figure 14 shows an example of the daily thélows in the river Camel (from 2018) anda range of
statistics for the river flow. The mean flow for the Camel is 5.931 #rs1 and the 95h percentile
flow (low river flow) is 0.985 m?3 s1. The sand movement into the estuary are unlikely to be
affected in any noticeable way because the saeater inflow into the estuary on each tide is many
times greater than the river flow, so for the modelling the mean river flow has been used
throughout.

Data obtained by the Padstow Harbour Commissioners show the mean flow in the river Amble is
0.832m3stand in theriver Allen is 0.782 nB st.

Figure 14. Example river Camel daily flows (2018) at Denby and mean flow statistics .

49001 - Camel at Denby

f [Oanly ﬂowdat.\l ve dala | Peak |

Data Sene s  Gauged Daily Fiow *

1964 - 2018  Graph Type Annual Hydrograph v Year n 2018 n

45001 Camel at Denby Gauged Dady Flow

v
Flow (m3

xceedance (Qf 1723 m/s

Download Data os} 03

(GDF) data is available for

yniocad for this stabon oa T Dec Jon Teb (79 y v Vay L 8” A (7™
01
© 2020 UKCEH UK National River Flow Archive

4.1 Model verification

Predicted and measured tidal current speeds for stations 1, 2 and 3 are shown in Figures 15
and 16:

1 None of the measurements capture the slack water times when the current speed is
practically zero as the flow direction reverses this is due to the interval between
measurements at each station being an houHence the comparisons between predicted and
measured currents for the low current speeds are not very good.

1 The agreement between the measured and predicted values is generally goodifoth spring
and neap tides Comments on the individual comparisons are given below.

o for the spring tide at station 1 the ebb tide compares well but the pegkredicted flow
on the flood tide is higher than the measured values; possibly the flood measurement
were slightly sheltered by the Doom Baif the measurement position was a little to
the west side of the channel.

o for the neap tide at station 1 the peak current speeds were predicted well however it
is strange that the measurements were around..2 kts despite the flow direction
changing as expected as can be seen in Figure 9.
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o for station 2 the predictions compare well with the measurements except for the low
flow speeds.

o for the spring tide at station 3 the comparison is good.

o for the neap tide at station 3the ebb tide compares well but the predicted peak flow
on the flood tide is 50% higher than the measured values.

Figure 15. Predicted and measured tidal current speeds for Stations 1 and 2 .
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Figure 16. Predicted and measured tidal current speeds for Station 3.
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Figures 17 and 18 show the tidal current speeds and directions for a spring tide as a plan view of
the estuary at hourly intervals through the tide. This gives the perspective of the spatiahd
temporal variation in the currents from Padstow Bay upstream to the south of Padstow harbour
Figures 20 and 21 are similar but for a neap tide.

Towards the end of spring flood tide (Figure 17 top left plot and Figure 18 bottom right plot) a
series d eddy's can be seen along the east side of the estuary and particularly just to the upstream
side of the sand spit that has built up at the narrowest point in the outer estuaryThe predicted
speed and direction seen on Figure 18 (bottom right plot) arin agreement with the measured
value of1.75kts and direction of 166 for station 4.

Figure 19 shows a close up of the eddy south of the sand spit for the end of the spring flood tide.
There is a query as to whether this eddy is driving sand accretion ithe eastern dredging area
shown in Figure 1.
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Figure 17: Spring tide .
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Figure 18: Spring tide .
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Figure 19: Spring tide .
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Figure 20:

Neap tide.
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Figure 21:

Neap tide.
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5 SAND MOVEMENT

Sand that accumulates in the estuary, particularly in the areas highlighted in Figure 1, originates
in the offshore zone and is moved in the onshore direction through the action of wind, waves and
tides. This material is carried into Padstow Bay and intéthe Camel estuary on the flood tidand
down the channel to the area where the estuary starts to open out. This is the area where the
tidal currents start to slow and sand particles are more likely to deposit on the bednd the
intertidal areas on either side of the estuary- as evidenced by the sand banks largebxtending
right across the estuarybetween Padstow and RockFigure 22).

Figure 22: Sand banks across the width of the estuary in the area of Padstow town and
upstream from there (see also photograph in Figure 30) .
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Sand is also carried out of the estuary and into Padstow Bay on the ebb tide, however thes a
net input of sand into the estuary on average causing accretion in the two areas shown in Figlire
which is why the dredging is required to keep Padstow Harbour open.

5.1 Modes of sand particle movement

Sea bed sands are generally fairly mobile bause sand is norcohesive so each particle of sand is
free to be moved independent of the other particles. Muds and silts on the other hand can be very
cohesive and can form a stable bed that requires extreme conditions to cause movement.

The offshore area and Padstow Bay and the Camel estuafgr 7 km from outside the Doom Bar,
all have sand beds The main modes for mobilising the sand are shear stress generated by the
tidal currents and the action of wind driven surface waves in these shallv areas. The larger sand
particles rapidly resettle on the bedand their movement progresses as "bed load" where the
particles stay close to the bed and move in small movements. Slightly smaller particles and/or
when the turbulence causes particles toise a little higher in the water column and bemoved
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forward in "jumps", a process known as saltationWhen the tidal currents are strongest in the
middle of the flood or ebb tides sand particles get lifted into suspension and transported as a
"cloud" upstream or downstream and settle on the estuary bed in "vulnerable" areas.

5.2 Potential areas for deposition

Deposition is most likely to occur in areas ofow velocity and in areasof low turbulence . Since
the material being transported is largely sandgarticles of different sizes they will settle onto the
estuary bed fairly quickly so deposition is most likely as the flood tide slackens towards high
water (HW) which is also when the sand banks on both sides and across the width of the estuary
are coverad with water.

Figure 23 shows the end of the flood tide on a spring range

1 The velocity is very low on the west side of the estuary in the channel leading to Padstow
Harbour and the over the sand banks (covered at HW).

1 On the eastside of the estuary there is an area with velocity above @.kts where the
reverse eddy forms. This eddy can trap suspended sand particles and hold it in this
location in the last stages of the flood, then as the flood tide slackens, drops to zero before
the ebb flow starts, these sand particles can drop to the bedThis is on the sand bank
which tends to grow over timeand is an area where dredging is required as shown on
Figure 1.

Figure 23: Spring tide just before high water.
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Turbulence is expressed in the mdel output as turbulence eddy viscosity(T-e-v). Figure 24
shows the TFe-v output as maximum values plotted against timgtop plot) and spatially as
contoured values for HW and HE tidal conditiongbottom plots). Minimum turbulence levels
occur at HWand LW and peak values at HE and HF tide. Low turbulence coincides with low water
flow speed, so both are conducive to sand particle deposition at the same time.

Figure 24 Variation in t urbulence eddy viscosity throughout a tide (maximum
values-top) and contours for high water (HE) and half ebb (HE) - bottom .
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5.3 Releasing the sand particles into the model

The sand particles in the model are represented by (x, y) ewrdinates which are moved on each
time-step of the model by the tidal velocity and turbulence for the time in the tide that the
simulation is currently predicting. Each particle has a number of attributes attached to it which
also influence its movement; these are:

91 particle size
1 sand dersity
9 and hence particle mass

The model covers the area of the estuary and Padstow Bay offshore to the line joining Stepper
Point to Pentire Point at the outer edge if the Bay (Figures 10 and 11). Also, it is important to
know that the area adjacent to tle seaward boundary in the model generally doesn't provide good
predictions of the tidal current, so it is not possible to inject sand particles into the model at the
seaward boundary.

So the first need was to investigate how and where to inject the sandnicles into the model; two
cases have been explored:

1. The first case was to releasthe sand at thenorth end of channeljust inside the Doom Bar
(Figure 25) in a defined rectangular area and within a volume within 0.5 m of the bed.

2. The second case was to make the release in Padstow Bay across the main flood flow that
enters the estuary (Figure 3).
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Figure 25: Test areas for releasing sand into the model (red colour - sub-tidal areas,
blue colour -intertidal area.
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The particle size data for the model has been taken from the sediment trap data. The data are
from Table 3:

Size % Description
>4 mm 0.0 Pebbles

2-4 mm 0.05 Granules

1-2 mm 0.18 Very coarse sand
0.51 mm 5.79 Coarse sand
250-500 um 47.38 Medium sand
125-250 um 43.51 Fine sand
63-125um  2.75 Very fine sand
31-63 um 0.01 Silt: 31-63
16-31 pm 0.07 Silt: 16-31
8-16 um 0.10 Silt: 816

4-8 um 0.16 Silt: 4-8

<4 um 0.0 Clay
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54 Sand particle movements (tracks)

Two initial investigations on sand movement have been carried out looking at how the sand
particles movein the estuary:

1 multiple tracks from a single point and time
1 cloud oftracks from the area where the flood tide enters the main channel

54.1 Release in Area 1

Initially a series of sand particles were released, at the same time, from a point in the middle of
the channel just inside the Doom Baand tracked for 2.5 hours on the flood tide Five tracks are
shown in Figure 3, left hand plot. The inset shows an enlargement of the final positions of the
particles and gives some idea of the variation that can occur in the transport occurring from a
single point and time release this is approximately 500<70 m.

The right hand plot in Figure & shows 5 different sand particle tracks when the release is
anywhere across the channel width from just inside the Doom Bam Area 1and at different times

in the flood tide. This shows a much larger variation in the final positions, as would be expected.
N.B.Where the ight blue track (with diamond marker points) crosses the coastline is obviously
not real but the reason is that the recorded positions in the model output were tofar apart, due

to the time between the recorded positions being too longo capture the travel detail for the
particle on the peak of the flood tide flow. Some of the tracks double back and finish up near their
start point (e.g. red track with square markers) indicating they haven't settled in the estuary
(most likely the smaller particle sizes) And some tracks are very short (e.g. the green track with
triangle shaped markers) indicating rapid settling (the larger particles).

Figure 26: Tracks from 5 sand particles released at one point in area 1 and at one

time (left plot) and (right plot) example when the particles are released at
different points across the channel and at different times in the flood tide
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5.4.2 Releasein Area 2

Initially a series of sand particles were released, at the same time, fronsiagle point in Padstow
Bay and tracked for 2.5 hours on the flood tide. The tracks are shown in Figurg, 2eft hand plot.
The inset shows an enlargement of the final positionsf the particles and gives some idea of the
variation that can occur in the transport occurring from a single point and time releasethis is
approximately 1800320 m, which is a much greater area than obtainedthen releasing in Area
1.

The right hand dot in Figure 27 shows 5 different sand particle tracks when the release is
anywhere across the channel width fromArea 2 in Padstow Baynd at different times in the flood
tide. This shows a much larger variation in the final positions, as would be exped. Some of the
tracks cross the coastlinebecause the recorded positions were not frequent enough toapture
the travel detail for thoseparticles. Some of the tracks double back and finish up near their start
point or further out in the Bay.

Figure 27: Tracks from 5 sand particles released at one point in area 2 and at one
time (left plot, and adjoining enlargement) and (right plot) example when
the particles are released at differe nt points across the channel and at

different times in the flood tide.
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5.5 Modelling a cloud of sand particles

The sand that keeps "filling up" the estuary originates in the offshore areand that sand is
transported into Padstow Bay and theninto the Camel estuaryis moved by wind generated
waves, swell from the Atlantic andhe regular cycling of thetid al flows.

5.5.1 Single tide sand release (release Area 1)

Sand particles were released at theorth end of the main channel to simulate sand being brought
into the estuary on the flood tide. The release was over a single flood tide period and the
movement of this sand was simulated over 4 tides. The model output was analysed to show
where the sard was depositing in the estuary.

Plots shown in Figure B are for high water on each of the 4 tides simulatedThis Figure gives
some idea of where the main deposits may occur. The yellow region just upstream of the release
area shows that the heavier prticles will deposit quickly on the flood tide, however the ebb tide

is expected to flush this sand back out into the Bay.

Generally the plot shows deposition on the eastern side of the estuary, these are mainly thin
deposits (greens and light blue colots) but there is an area of thicker deposits (yellow) on the
eastern side of the estuary just north of Padstow where dredging is often required (see Figure

NB The key on Figure just shows the wide range of deposit thicknesses, not actual values.

Figure 28: Seabed sand deposits - 1 tide release from Area 1, tracked for 4 tides .
Scale is mm thickness deposited per tide.
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5.5.2 Single tide sand release (release Area 2)
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Sand patrticles were released in Padstow Bgyst north of the entrance to the Camel estuary to
simulate sand being brought into the estuary on the flood tide. The release was over a single flood
tide period and the movement of this sand was simulated over 4 tides. The model output was
analysed toshow where the sand was depositing in the estuary.

Plots shown in Figure 29 are for high water on each of the 4 tides simulated'his Figure gives
some idea of where the main deposits may occur. The yellow region just upstream of the release
area showsthat the heavier particles will deposit quickly on the flood tide, however the ebb tide

is expected to flush this sand back out into the Bay.

Generally the plot shows deposition on the eastern side of the estuary, these are mainly thin
deposits (greens au light blue colours) but there is an area of thicker deposits (yellow) on the
eastern side of the estuary just north of Padstow where dredging is often required (see Figure

NB The key on Figure 29 just shows the wide range of deposit thicknessest actual values.

Figure 29: Seabed sand deposits - 1 tide release from Area2 , tracked for 4 tides .
Scale is mm thickness deposited per tide.
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5.5.3 Considering the removal of the sand spit .
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The sand spit (Figure7) has been increasing in sizein recent times which as discussed in section
5.2 above may k caused or accelerated by the eddy that forms just south of the sand spit towards
the end of the flood tide, particularly on spring tides. In order to investigate this the model has
been used to simulate what would be expected to happen if the sand spiese reduced in size or
removed completely. So the water depths in that area have beadjusted represent the situation
where the sand spit is gone (Figure 30).

Figure 30: Seabed depth contours: left plot - existing, right plot - with sand spit
removed .

Depth (m to CD)
20

Interestingly the form of the spit is nawv lesssymmetrical about the headlandFigure 30, left plot

- from the new bathymetry survey) thanit appears on theMay 2017 image on Google Earth

(Figure 7). There has ben further accretion on the southern edge of the spit. The modified
depths (Figure 30, right plot)joins up the intertidal areas that exist to the north and south of the
spit.

Running the model with these modified depths to simulate the water flows anche sediment
deposition potential has shown that the flows and deposition arenegligibly affected by the
removal of the spit. Through these simulations it has become clear that the eddy in this area and
hence the deposition process is not controlled by thpresence of the spit and therefore has not
been enhanced by the increase in the spit. Figure 3hows, for a spring tide, the last phase of the
flood tide and the start of the ebb tide:

1 The left plot (Figure 31) shows the eddy that forms to the south dhe sand spit and another
stronger eddy that forms in the bay/inlet at Rock. This eddy at Rock is driven by the flood
tide and the shape of the inlet and sends a jet of water along the coast which actually drives
the "spit" eddy. This is why the "spit'eddy persists when the spit is removed.

1 The right plot in Figure 31 showing the start of the ebb tiderunning along the eastern side of
the estuary, and how it sweeps away the "spit" eddy.
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These predictions indicate that removing the spit is nolikely to reduce the accretion in this
area.

Figure 31: Left plot - spring tide flow near the end of the flood tide and, right
plot - beginning of the ebb tide .

Spit eddy

Coastal jet

Rock eddy

5.5.4 Sand remobilisation from the Town Bar and intertidal sands .

Tidal flows an hour or so either side of high water (HW) and wave action across this wide section
of the estuary have the ability to remobilise sand from the intertidal sands that stretch the wite®
way across the estuary between Padstow on the west side to Rock on the e@&gure 321). A
model simulation of sand remobilisation from this area, subsequent redistribution and deposition
in different areashas been undertaken and the predictions arehown in Figure33.

Figure 32: Seabed sand deposits from remobilised sands across Town Bar.

Picture provided by Padstow Harbour Commissioners

1 In Figure 33 the red and orange colours are the areas where remobilisation of sand is
simulated.
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1 The remobilised sand has the same composition as the bed which has a range of sizes from
coarse sand to very fine sand. The larger particles cannot stay in suspension aadeposit
close to where they were mobilisedwhich explains the thicker deposition in the areas where
remobilisation was assumed to occu(red and orange colours in Figure 3).

1 Deposition also occurs across the whole of these sandbanks and upstream awavdstream
of the remobilisation area. This includes the region of the channel leading into Padstow
harbour and the sandbanks on both sides of &t narrow channel(Figure 33). Deposition in
this area was not seen in the simulatioof the flood tidesbringing sand in from PadstowBay
(e.g. Figures 27 and 28)

Figure 33: Seabed sand deposits from remobilised sands across Town Bar.
Scale is in mm thickness per tide.
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5.5.5 Settling of s and from loss during dredging operations

The dredging operations with thesuction dredgerare in the area of the estuary to the north of
Padstow as shown in theSoogle Earth image at théop right of Figure 34 and take place when
the tide is high.

Modelling of sediment loss from the suction dredging has been carried out and the agi for the
model has made the following assumptions:

9 The suction dredging takes place within a time window of 2 hours before high water to
2 hours after high water.

9 Dredging operations are carried out on spring tides.

The lost sand from the dredger enter the surfacevaters of the estuary.

9 Itis difficult to determine an exact value for loss of sand during dredginigack into the estuary
with the return of the water that is brought in by the suction process. A value db5% has
been used representing a high, and heneeorst case valudsl.

=

In Figure 34 (main plot) the red and orange colours show where the larger particles deposit; this
happens fairly quickly and in the area of the dredgingThe main plotalso shows that the finer
material gets distributed widely becatse of the tidal transport of the smaller particles, which take
much longer to settle oo the seabed. These deposiishown as green and light blue colours)
are much thinner.

The enlarged inset in Figure 8, showing the channel leading to Padstow harboydemonstrates
that deposition occursin this channel and the entrance to the harbour. Quantities are, however,
much lessthan being brought into the estuary from Padstow Bay and the amount remobilised
from the PadstowRock intertidal sandbanks.

The mainplot in Figure 34 shows some sand from the dredging operation (a very thin layer) being
deposited upstream as far as where the estuary has started to narrow and where the intertidal
sands start to change into intertidal mud banks. This transition indicats that further upstream
the bed deposits are from a different source, most likely fluvial material being brought
downstream with the river flows.
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Figure 34 Seabed sand deposits from sand loss during the suction dredging.

Thickness (mm)
0.4

0.04

0.0004
0.00004
4.0e-006
4.0e-007
4.0e-008

4.0e-009

0.0

5.6 Effects of dredging on sand movements:

Figure 35 (top row) shows the Camel estuary from the Doom Bar in the north to south of Padstow
where the estuary turns from its north-south orientation to an easterly direction. The two plots
show how the sandbanks on theast bank at the narrowest point of the channel have changed in
the short time between March 2020 (left plot when Ecospan surveyed the bathymetry which gave
a plot very similar to the Google image) and February 2021 (right plot). It should be noted that
the left plot is at low water and the right plot either half flood tide or half ebb tide. Figure 36
shows a close up of this area of change.

The bottom row in Figure 35 shows the main dredging areas (left plot) on the sandbanks to the
east and west side®f the estuary in the Padstow area, that some dredging also happens in the
channel (middle plot) and that some dredging is carried out along both sides of the deep water
channel leading from the Doom Bar upstream to Padstow and into the sidhannel leadingto the
harbour (right).
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Figure 35: Snapshots taken from Google Earth showing the channel of the Camel
estuary leading up to Padstow (top row) and dredging areas (2020 report):
From 2020 From 2021 ( Feb)

Camel
estuary

ER20-427 Page45 of 65



Modellingof sand movement in the Camel estuary, near Padstow. == "=

Figure 36: Snapshots taken from Google Earth showing the sand bank changes at the
narrowest point of the main channel:
From 2020 From 2021 (Feb)

From Figure 35 it is seen that the main am@s of dredging in the Camel estuary are upstream of
Daymer Bay (approximately 2 km). When an area is dredged it "disrupts" the equilibrium level
of the estuary bed or sandbank. This leaves an "attractive" area for deposition of suspended
sediment and mayalso leave the adjacent areas more vulnerable to erosion. Therefore, for these
dredged areas "fill sediment” would most likely come from the directions shown in Figure 37.

Figure 37: Likely sources for infill of dredged areas (yellow arrows).

Camel
estuary

Padstow Harbour
&

For the dredging required along the edges of the channel from the Doom Bar south to Padstow it
is indicated by the modelling and the sediment composition that the sand is being brought into
the channel from Padstow Bay and is depositing along the edges tbe channel where the
currents are lower. Figure 38 (left plot) indicates this pathway; the right hand plot from the
model predictions indicates deposition along the channel mainly in the northern and southern
portions of the area, and little deposition vihere the channel is at its narrowest and the area of
accumulation on eastern side of the estuary, on the sandbanks themselves. These areas of
dredging are unlikely to affect the sandbanks to the sides of the estuary because they are "fed" by
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the offshore source of sediment.Each dredged load from the channel is approximately 600 te of
sand/sediment is thought to be very small compared to the quantity of sediment travelling up
and down the main channel on each tide. This is going to have very little impagn the
surrounding sandbanks.

Figure 38: Likely sources for sediment depositing along the edges of the main channel (left
plot - yellow arrows).
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Figure 39 shows the flood and ebb currents when the tidal level is quite high. The flows on the
upper part of the Daymer Bay beach are very low (<<0.2 kts) and very unlikely to move any sand.
Also, along the outer edge of the sandbank, nearer low water, the flows are low (not shown). The
flows in the subtidal area increase to 0.6 kts so sediment is pbably moving each tide along the
outer edge of the sandbank, and in the main channel. This is the normal balance of
flows/sediment in this part of the estuary and not a mechanism that would erode the beach.

5.2 Wave action impacts

Wave action impingingon the beach could well move the beach sand, simple observation of waves
on a beach show the lifting and movement up the beach as the wave passes and then as the wave
runs out of energy and the water flows back in the offshore direction the sediment movasthe
same direction. The general effect is an equilibrium on the beach/sandbank and the area is stable.
Padstow harbour commissioners have provided some information of significant waves on
Daymer Bay (Figure40, left) and that the wave climate reachinghe Bay has changed (email
information from Harbour Commissioner). The incidence of more wave action reaching the Bay
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could possibly affect the beach/sandbank heights in the longer term; and tfie certainty that
severe storm conditions have the power to move/rerove huge quantities of sand.

Figure 39: Spring tide ebb and flood tidal flows.
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Figure 40: Wave on Daymer Bay (left), waves on the Doom Bar (right) and new sand bar in
mid-channel (bottom). Photos from Padstow Harbour Commissioners.

Waves on the Doom Bar_
01-02-2021 Mon 11:06:18

6 DISCUSION ANIZONCLUSIONS

This study for the Padstow Harbour Commissioners had provided up to date informaticabout

the lower estuary through the bathymetric, sediment and tidal current surveys. It has also led to
the development of a useful tool (anathematical model of the estuary) for investigating the likely
effects that different management strategies would have on the estuaryrthe model shows how
sand from Padtow bay migrates into the estuary andaccumulates where the tidal flows reduce

as the estuary widens out. Thiscausesthe formation of the intertidal sandbanks between
Padstow and Rock. As a result, continual dredging is required to ensure the channels to Padstow
Harbour remain accessible.

Specific findings from this study have been:
9 The model is able to reproduce the tidal conditions in the estuary

1 Sediment sampling from Padstow Bay to just south of Padstow towshowed that the
composition of the sands/sediments in the Camel estuary are quite homogenous whereas the

ER20-427 Page49 of 65



Modellingof sand movement in the Camel estuary, near Padstow.

v

[1]
[2]

[3]

sediment sample fran Padstow Bay had more coarse material and no very fine sand. The
only other different sample came from the intertidal sandflats nearest to Rock.

Sand depositionin the estuary, known by the constant need to dredge certain areas, is
reproduced by the modé.

The model predicts that e&eposition on the east side of the estuary in the area just to the north
of a line between Padstow harbour and Roakhich is the result ofthe direct transport of sand
from Padstow Bay on the flood tide.

The model alsgpredicts deposition on the west side of the estuary in and around the narrow
channel providing access into Padstow harbour This appears to occur through
remobilisation and redistribution of sand from the intertidal sands that stretch right across
the estuary between Padstow and Rock.In addition, some of the material lost from the
dredger during suction dredging at the upper end of the Camel main channel will also deposit
in the Padstow channel and in the harbour However this is a significantly smaller quantity
than that originating from natural remobilisation of intertidal sand flats.

Some sand from the dredging operation (a very thin layer) is predicted to be deposited
upstream as far as where the estuary has started to narrow and where the intertidaands
start to change into intertidal mud banks. However, the quantities from the dredge will be
insignificant when considered with that from natural remobilisation of the intertidal sand
banks.

The transition to intertidal mud banks indicates that further upstream the bed deposits are
from a different source, most likely fluvial material being brought downstream with the river
flows.

There are no fine particles of mud and silt in the dredge material which could contribute to
build up of mud or silt upstream of the dredge areas.

The sand spit on the eastern side of the estuary, where it is at its narrowest, is not the cause
of the deposition area just upstream but rather another consequence of it.

Dredging operations are essential to maintain navigable emnels to Padstow harbour

If dredging remains at the present levels within the channel areas it will not affect sand
erosion from Daymerbay. This is much more likely to have result from increased wave action
seen in this area.

REFERENCES

FVCOM model: Online http://fvcom.smast.umassd.edul/.

Admiralty Tide Tables, Volume 1B, 2020. Uniteldingdom and Ireland. UK Hydrographi
Office.

Engineering Tools for the Estimation of Dredgindnduced Sediment Resuspension ar
Coastal Environmental ManagementSeptember 2016. Lisi, I, Di Riso, g Girolamo, F
Gabellini, M. Online at: https://www.intechopen.com/books/applied -studies-of-coastat
and-marine-environments/engineering-tools-for-the-estimation-of-dredging-induced-

sediment-resuspensionand-coastalenvironme

ER20-427 Pageb0 of 65


https://www.intechopen.com/books/applied-studies-of-coastal-and-marine-environments/engineering-tools-for-the-estimation-of-dredging-induced-sediment-resuspension-and-coastal-environme
https://www.intechopen.com/books/applied-studies-of-coastal-and-marine-environments/engineering-tools-for-the-estimation-of-dredging-induced-sediment-resuspension-and-coastal-environme
https://www.intechopen.com/books/applied-studies-of-coastal-and-marine-environments/engineering-tools-for-the-estimation-of-dredging-induced-sediment-resuspension-and-coastal-environme

Modellingof sand movement in the Camel estuary, near Padstow. == "=

APPENDIX 1
BATHYMETRIC SURVEY METHOD
Al Bathymetric Survey

Ecospan Environmental undertook the singlebeam bathymetric surveys during March 2020
(Figure 1). As highlighted by the red lines.

Figure A1.1: Single beam survey area

The single beam survey was undertaken with 25 m spacing between lined.ines were run
approximately perpendicular to the main channel wherever possible. This provided a cross
section through the shallows and the channels of the estuary. A number of cross lines
perpendicular to the main survey lines were also run to checthe tie in of the data.

Al.1 Daily survey log

Observations of weather and sea conditions were recorded during the survey. In addition the
daily logs also identified the areas surveyed each day. Due to the fact that the majority of the area
surveyed wasintertidal, the survey was conducted either side of high water (approximately -3
hours). The daily logs are presented in Appendik1.1.

Al.2 Geodetic parameters
All survey position data was collected in WGS84 UTM 30N zonéW.
Al.3 Equipment offsets

Offsets of all equipment were checked and entered in to Hypack with respect of the center of
gravity of the boat (COG) of the boat. GPS position measurements are-ge€in Hypack and
should remain unchanged as it is in a fixed position. The vertical ptisih of the echo sounder

and motion sensor was measured at the start of each survey as these can be changed. The
measurements made are shown in Tablal.1.
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Table A1.1:  Survey offset values

Equipment | Vertical Starboard Forward
Hemisphere GPS Fixed position -2.767 0.725 -1.039
Single beam transducer 12 and 13 March 2020 0.27 -0.620 -3.80
Single beam transducer 23, 24,25 and 26 March 2020 0.37 -0.620 -3.80
SMC motion sensor 30 Now 1 Dec 2016 0 0 0

Al1.3 Dynamic draft

The dynamic draft of the vessel was assessed during the survey at a variety of speeds and no
discernible difference could be measured. This was consistent with dynamic draft trials carried
out in other single beam surveys. This is a result of the useRTK height positioning and precise

off set calculations made within the Hypack software. For this reason, no correction for dynamic
draft is required.

Al.4 Single beam Latency assessment

Latency was assessed between the Hemisphere GPS and Sonarmite system over 4 lines. Each line
was run at survey speed, in two directions, over a bottom with a changing profile. Each pair of
lines was then assessed using the Hypack latency program and teiecy value determined. The
average value was then used to correct all data. The results of the latency testing are provided in
Appendix A1.2.

Al.5 Sound velocity

Sound velocity profiles were collected at regular intervals during the surveys and used torrect
the soundings measured. A full listed of the profiles taken is provided in Appendix 3.

Al1.6 Bathymetric Survey Results
Al1.6.1 Positioning and sounding depths

All positions are in WGSB84, latitude and longitude in degrees and decimal minutes| ddpths are
shown in meters and are positive referenced to Local Chart Datum for Padstow on sea which is
3.80 m below ordnance datum Newlyn.

Al1.6.2 Data Processing

Survey depth measurements were cleaned by manual assessment of the data in Hypack SB Max
editor. No auto filters were used during this process. The data was then sorted with priority to
produce xyz outputs of minimum soundings at a 5m, 25m, 50m, 100m and 200m radius. All reject
values were also saved in an accompanying file for the 5m radigeundings.

Al1.6.2 Survey output data

The bathymetric data from the single beam survey is provided as XYZ files of minimum depths.
These have been sorted to both a 5 m, 25m, 50m and 100m radius distance. The rejected values
from the sorting have been prowded as additional files. Plots of minimum soundings have been
provided at scales of 1:3000 and 1:6000.
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Table A1.2: XYZ files and Plots provided of survey areas
Location | Soundings | Type
Padstow full survey area| 5m radius sorted minimum Xyz
Padstow full survey area| Rejected 5m radius sorted minimum| xyz
Padstow full survey area| 25m radius sorted minimum XyzZ
Padstow full survey area| 50m radius sorted minimum XyzZ
Padstow full survey area| 100m radius sorted minimum Xyz
Padstow Approach 25m radius minimum Plot 1:3000
Padstow Harbour 25m radius minimum Plot 1:3000
Wadebridge 25m radius minimum Plot 1:6000

APPENDIXAL.1

Daily Log of survey :

Date Areas surveyed Weather
(2020)

11t March | ADCP data collection spring Overcast, wind force 6 to 7 SW, sea moderat¢
tide Large swell near mouth

12t March | Wadebridge and area south of | Cloudy overcast with heavy showers, wind
Padstow force 5 to 6 W, sea state slight.

13th March | Estuary between Padstow and| Partially overcag, wind force 1 to 2 W, sea
Rock state smooth.

18t March | ADCP data collection neap tidg Overcast, wind force 2 to 3 SW, sea moderaty

1-2m swell at station 1.

23rd March | Approaches to Padstow Sunny, wind force 1 to 2 E, sea state smooth.

24th March | Approaches to Padstow Sunny, wind force 1 to 2 E, sea state smooth.

25t March | South of Padstow down Sunny, wind force 1 to 2 E, sea state smooth.
straight towards Wadebridge

26t March | Outer harbour Sunny, wind force 1 to 2 E, sea state smooth.

APPENDIXA1.2

Single beam Latency test:

Date: 23d March 2020

Location: Across main channel near to Daymer bay

Line Direction Speed | Notes

1 east/west 6 Lines run in both directions
2 east/west 6 Lines run in both directions
3 east/west 6 Lines run in both directions
4 east/west 6 Lines run in both directions
5 east/west 6 Lines run in both directions

Average latency from 5 lines: 1.30 seconds
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APPENDIXAL.3

Sound velocity profiles :

Date Time | Location Name

12th March 2020 | 06:47 | Wadebridge SVP120320 0647
12th March 2020 | 07:47 | Wadebridge SVP120320 0747
12th March 2020 | 08:44 | Middle of area south of Padstow Harbourl SVP120320 0844
12th March 2020 | 17:35 | Near entrance Padstow Harbour SVP120320 1735
13th March 2020 | 05:59 | Between Padstow and Rock SVP130320 0559
13th March 2020 | 07:08 | Between Padstow and Rock SVP130320 0708
13th March 2020 | 07:53 | Between Padstow and Rock SVP130320 0753
13th March 2020 | 09:01 | Between Padstow and Rock SVP130320 0901
13th March 2020 | 09:27 | Between Padstow and Rock SVP130320 0927
23rd March 2020 | 15:30 | In channel near to Doom Bar SVP230320 1530
23rd March 2020 | 18:56 | In channel near to Doom Bar SVP230320 1856
24th March 2020 | 06:38 | North of Padstow where estuary narrows| SVP240320 0638
24th March 2020 | 17:10 | Bottom of area south of Padstow SVP240320 1710
24th March 2020 | 18:41 | Bottom of area south of Padstow SVP240320 1841
25th March 2020 | 05:37 | East/west estuary towards Wadebridge | SVP250320 0537
25th March 2020 | 06:43 | East/west estuary towards Wadebridge | SVP250320 0643
25th March 2020 | 06:52 | East/west estuary towards Wadebridge | SVP250320 0652
25th March 2020 | 17:00 | East/west estuary towards Wadebridge | SVP250320 1700
25th March 2020 | 18:00 | East/west estuary towards Wadebridge | SVP250320 1800
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APPENDIX2
FVCOM MODEL

The model is called FVCOM (Finite Volume Coastal Ocean Model) created at the Marine Ecosystem
Dynamics Modelling Laboratory in the School of Marine Science and Technology at the University
of MassachusettsDartmouth (http://fvcom.smast.umassd.edu/FVCOM/index.htm). FVCOM is a
3-dimensional hydrodynamic model to compute tidal flows in an estuary, a coastal region or in
the open ocea. In this study FVCOM has been applied to the Tees estuary and Tees Bay area in
the north-east of England.

&6#/ - ETAI OAAO A OPAOOEAI A OOAAEET Co O1 O0ET An Al
the movement and dilution of effluents dischargedrbm a marine outfall.

4AEEO AQOOAAO &EOT I OEA & #l./ 2006)5gvdsOriofmatiorAdn @hel | # E A
development of the model and on the scope of the model:

0&6#/ - EO A DOl Clgliddridite Adiumd) fre@<ditadeAtiyéa diriefsional (3-D)

primitive equations ocean model developed originally by Chen et al. (2003a). The original version

of FVCOM consists of momentum, continuity, temperature, salinity and density equations and is

closed physically and mathematically using the Mellor ah Yamada level 2.5 turbulent closure

scheme for vertical mixing and the Smagorinsky turbulent closure scheme for horizontal mixing.

The irregular bottom topography is represented using thes-coordinate transformation, and the

horizontal grids are comprised of unstructured triangular cells. FVCOM solves the governing

equations in integral form by computing fluxes between novoverlapping horizontal triangular

control volumes. This finitevolume approach combines the best of finite element methods (FEM)

for geometric flexibility and finite-difference methods (FDM) for simple discrete structures and
computational efficiency. The numerical approach also provides a much better representation of

mass, momentum, salt, and heat conservation in coastal and estueiregions with complex

geometry. The conservative nature of FVCOM in addition to its flexible grid topology and code

simplicity make FVCOM ideally suited for application in the coastal ocean.

The initial development of FVCOM was started by a team effdead by C. Chen in 1999 at the
University of Georgia with support from the Georgia Sea Grant College Program. This first version
was designed to simulate the @D currents and transport within an estuary/tidal creek/inter -tidal

salt marsh complex and was wtten in Fortran 77 in 2001. In 2001, C. Chen moved to the School
of Marine Science and Technology at the University of Massachuseftartmouth
(SMAST/UMASSD) and established the Marine Ecosystem Dynamics Modeling (MEDM)
Laboratory where work on FVCOM &s continued with funding from several sources including
the NASA and NOAAunded SMAST fishery program led by Brian Rothschild, the NSF/NOAA US
GLOBEC/Georges Bank Program. The scientific team led by C. Chen and R. C. Beardsley (Woods
Hole Oceanographidnstitution -WHOI) built the original structure of FVCOM and conducted a
series of model validation experiments. G. Cowles joined the MEDM group in 2003 and lead the
conversion of FVCOM to Fortran 90/95, modularized the coding structure, and added the
capability for parallel computation. The original version of FVCOM included a nudging data
assimilation module added by H. Liu, an improved-B wet/dry point treatment module modified
and tested by J. Qi, several choices for freshwater discharge and groundevainput and
turbulence modules by C. Chen, H. Liu and G. Cowles, a trdcacking module by Q. Xu, a-B
Lagrangian particle tracking code (originally written by C. Chen and L. Zheng, modified by H. Liu
to fit FVCOM, and corrected by G. Cowles), severgles of companion finitevolume biological
models such as a) a nutrienphytoplankton-zooplankton (NPZ) model developed by Franks and
Chen (1996; 2001)) an 8component phosphorus limited, lower trophic level food web model
(nutrients, two sizes of phytoplankton, two sizes of zooplankton, detritus and bacteria: NPZDB)
developed by Chen et al. (2002)) a statef the art water quality model with inclusion of the
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benthic flux developed by Zheng and Chen (Zheng et al. 2004)) a&@mponent coastal ocean
NPZD moel developed by R. Ji and C. Chen (Ji, 2003)) a simple trdoased 3D sediment model
developed by L. Zheng and C. Chen (Zheng et al., 2003).

FVCOM has been significantly upgraded since the workshop held in June 2005 at SMAST. The
present version of FVOM includes many new options and components. The code has been
extended for optional solution in a sphericaicoordinate system with multiple choices of the
turbulence parameterization through the General Ocean Turbulent Model (GOTM) modules
(Burchard, 2002), 4-D nudging and Reduced/Ensemble Kalman Filters (implemented in
collaboration with P. Rizzoli) for data assimilation, a fullynonlinear ice model (implemented by

F. Dupont) for Arctic Ocean studies, a-B sediment transport module (developed by G. Coed
based on the U.S.G.S. community sediment transport model) for estuarine and nshore
applications, and a generalized biological module (GBM) (developed by C. Chen, R. Tian, J. Qi and
R. Ji) for food web dynamics studies, etc. Multiple open boundargrditions have also been
added to the code (done by H. Huang, C. Chen and J. Qi) for the purpose of radiating energy out of
the computational domain and adding the low frequency mass flux.

As the FVCOM development team leader, Changsheng Chen reserveightk of this product. The
University of MassachusettsDartmouth owns the copyright of the software of this model. All
copyrights are reserved. Unauthorized reproduction and distribution of this program are
expressly prohibited. This program is onlypermitted for use in noncommercial academic
research and education. The commercial use is subject to a fee. Contributions made to correcting
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Flow diagram of the FVCOM model:
i Modules of FVCOM Py T
S Forcings: For the present estuary study the
S| | T (quitbrium: 05) | % following modules are not included
R dochagas Groumbite in the model:
o 120 i
; b 1 General Ocean Turbulence
MS“:::' I_ FVCOM-Main Code th::m““ model
I-p{ Cartesian/Spherical Coordi e -
ey : il 3-.D se_dlment model
[ MPIPalll | { Biological model
st ¢ VISIT Monitoring 1 Water Quality model
_ 1 Ice models
[GUI Postprocess Tools | {Iemmsny] | 1 Nudging assimilation
I Kalman filters
o 1 North Polar nestedsystem
Ui Dorviopment 1 MPI parallel code
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solved by FVCOM:

The Model Formulation: The Primitive Equations in Cartesian Coordinates

The governing equations consist of the following momentum, continuity, temperature,

salinity, and density equations:

i+nﬁ+ri+u'i—ji*=—L£+i[f{m£}+I-'" (2.1)
a &y o e

i+Hi+‘rﬂ+1«-i+.)‘.i.'=—L£+i{!{",i)+:‘-;_ (2.2)
o v ) o= p, v o= o=

L =—pg 2.3)
ﬂ+£+ﬂ—0 24
xS =4
£+u£+v£+u'£=i{&£]+!-}. (2.5)

a T x k&

£+n£+v§+ u'ﬁ=ii;ﬁ.’,,£}-1-ff¥ (2.6)

o dx oy 17 S ok
p=p(.s) (2.7)
where x, y, and z are the east, north,
and vertical axes in the Cartesian
coordinate system; u, v, and w are the x,

v, z velocity components; 7 is the

temperature; S is the salinity; p is the
density: P is the pressure; f is the
Coriolis  parameter; g is  the

gravitational acceleration; K is the

"

vertical eddy viscosity coefficient; and . . .
Fig. 2.1: Illustration of the orthogonal coordinate

K, 15 the thermal vertical eddy  gygem: v: castward: y: northward: z: upward,

diffusion coefficient. F, F,, F;, and F; represent the horizontal momentum, thermal,

and salt diffusion terms. The total water column depth is D =H +{, where H is the

bottom depth (relative to z=0) and { is the height of the free surface (relative to z = 0).
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2.4.2. The Vertical Eddy Viscosity and Thermal Diffusion Coefficient. FVCOM
features a wide choice of ocean turbulence closure models for the parameterization of

vertical eddy viscosity (K, ) and vertical thermal diffusion coefficient ( K, ). The Mellor

m

and Yamada (1982) level 2.5 (MY-2.5) turbulent closure model is the most popular
g —ql type model (where ¢ is the turbulent kinetic energy and /is the turbulent
macroscale). FVCOM features an wpdated version of the MY-2.5 model, which includes
a) the upper and lower bound limits of the stability function proposed by Galperin ef al.
(1988); b) the wind-driven surface wave breaking-induced turbulent energy input at the
surface and internal wave parameterization by Mellor and Blumberg (2004); and c) the
improved parameterization of pressure-strain covariance and shear instability-induced
mixing in the strongly stratified region by Kantha and Clayson (1994).

Recently, the General Ocean Turbulent Model (GOTM) has become a very popular
open-source community model (Burchard, 2002). The GOTM implements a number of
turbulence modules which range from a simple Richardson parameterization to complex

Reynolds-stress turbulence closure models. These modules include the MY-2.5 (¢ —q/)
and (k —¢ ) turbulent closure models (wherek = ¢ ' is the turbulent kinetic energy and &

is the turbulent dissipation). The k& —& model is an alternative turbulent closure model
that is very similar in dynamics to the ¢ —¢/ turbulent closure model. The most recent
version of the & —& model also includes a more complete form of the pressure-strain
covariance term with buoyancy, anisotropic production and vorticity contributions such

that the cutoff of mixing is shifted from R,= 0.2 (original MY-2.5 model) to R, =1.0

' k is in general use in the European ocean modeling community.
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(Canuto et al., 2001). The GOTM library has been interfaced with FVCOM and the full
functionality of GOTM is available to FVCOM users. Brief descriptions of the original
MY-2.5 (¢ —ql) and the general form of the k& —& model now featured in FVCOM are
given below. Detailed descriptions of these models can be found in the GOTM manual
and references listed in this paragraph.

2.4.2.1. The MY-2.5 Model. In the boundary layer approximation where the shear

production of turbulent kinetic energy is produced by the vertical shear of the horizontal

flow near the boundary, the equations for ¢° and ¢’/ can be simplified as

Y O _apap ey Lk Yk (2.42)
ot ox oy cz ' oz Y oz '
5 s

ol el ol Al poip, Lo+ Lk, G F (2.43)
ot ox cy 0z L, 0z oz
where ¢° =(u'* +v'*)/ 2 is the turbulent kinetic energy; / the turbulent macroscale;

K, is the vertical eddy diffusion coefficient of the turbulent kinetic energy; 7,

, and I,
represent the horizontal diffusion of the turbulent kinetic energy and macroscale:;
P =K m[n:j + 1-‘3 ) and P, = (gK,p.)/ p,are the shear and buoyancy production terms of
turbulent kinetic energy; & = cf /Bil 1s the turbulent kinetic energy dissipation rate;
W =1+E," (k)" is a wall proximity function where L' =(? —z)" +(H+2)™"; x
=0.4 is the von Karman constant; / is the mean water depth; and ? is the free surface

elevation. In general, / and I, are kept as small as possible to reduce the effects of

horizontal diffusion on the solutions. In FVCOM, F| and F, are parameterized using the

Smagorinsky formulation shown above. However, the turbulent closure model can be run

with both /- and F, set to zero in (2.42 and 2.43).

The turbulent kinetic energy and macroscale equations are closed by defining

K, =IlgS, ., K, =1g8,. K, =02lg . (2.44)

m*

S, and S, are defined as the stability functions

¢ ___ 04275-3354G, . 0.494
T (1-34.676G,)(1-6.127G,) " 1-34.676G,

(2.45)
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