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Controls on monthly estuarine residuals: Eulerian circulation and elevation. 1 
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Abstract   14 

The Dee Estuary, at the NW English – Welsh border, is a major asset, supporting: one of the largest 15 

wildlife habitats in Europe; industrial importance along the Welsh coastline; and residential and 16 

recreational usage along the English coast.  Understanding of the residual elevation is important to 17 

determine the total water levels that inundate intertidal banks, especially during storms.  While, improved 18 

knowledge of the 3D residual circulation is important in determining particle transport pathways to 19 

manage water quality and morphological change. Using mooring data obtained in February – March 20 

2008, a 3D modelling system has been previously validated against in situ salinity, velocity, elevation and 21 

wave observations, to investigate the barotropic-baroclinic-wave interaction within this estuary under full 22 

realistic forcing. The system consists of a coupled circulation-wave-turbulence model (POLCOMS-WAM-23 

GOTM).  Using this modelling system the contribution of different processes and their interactions to the 24 

monthly residuals in both elevation and circulation is now assessed.  By studying a tidally-dominated 25 

estuary under wave influence, it is found that baroclinicity induced by a weak river flow has greater 26 

importance in generating a residual circulation than the waves, even at the estuary mouth.  Although the 27 

monthly residual circulation is dominated by tidal and baroclinic processes; the residual estuarine surface 28 

elevation is primarily influenced by the seasonal external forcing to the region, with secondary influence 29 

from the local wind conditions. During storm conditions 3D radiation stress becomes important for both 30 
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elevation and circulation at the event scale, but is found here to have little impact over monthly time 31 

scales.   32 

 33 

Introduction 34 

In tidally influenced coastal water, shallow depths cause tidal residuals in addition to other process 35 

residuals, generated by the land-sea interface.  Regions of Freshwater influence (ROFI’s) have a 36 

complex 3D structure related to either permanent (e.g. Ise Bay, Japan, Kasai et al., 2000) or periodic 37 

stratification (e.g. Liverpool Bay, UK, Verspetch et al., 2009), as the result of tidal straining (Simpson et 38 

al., 1990).  Storm surge local or external to a coastal system can generate significant residual elevations 39 

for a short period (Jones and Davies, 1998).  However, seasonal patterns in meteorological conditions will 40 

influence the medium-term residual (a few months), although they are likely to be minimal over the long-41 

term (at least a year). Since the dynamics of semi-enclosed systems are influenced by gradients in 42 

surface elevation, external hydrodynamic boundary forcing to a region can impact the circulation, 43 

especially during storm conditions (Li et al., 2010). Storm surges can cause a salt flux in and out of the 44 

estuary as the surge passes (Li et al., 2009), combined with wind straining (Scully at al., 2005) and 45 

enhanced wind mixing (Chen et al., 2009). During storm conditions these processes will influence the 46 

typical stratified structure and in turn the gravitational circulation. In hypertidal areas the fast tidal currents 47 

influence the net transport of properties during flood and ebb.  However, over the long-term the net 48 

transport will depend on asymmetries in the tidal flow and local processes creating a weak but continual, 49 

or frequent, circulation.  Understanding this residual circulation is important for determining the long-term 50 

coastal pathways of dissolved or suspended particles at varying heights within the water column.  Along 51 

the open coast the range determines the time-varying water depth and in combination with the storm 52 

surge and wave set-up can be used to determine areas of inundation.  However, in enclosed (estuarine) 53 

systems the wave influence can be reduced through sheltering, and river influence can potentially modify 54 

water levels. Understanding inundation is important to investigate intertidal exchange processes/fluxes 55 

and flood potential.   56 

 57 

The Dee Estuary, situated in the northwest of England, is used as a hypertidal case study and continues 58 

the research into process dynamics of Bolaños et al. (2011; 2013; Submitted) and Brown et al., (2012a; 59 

Submitted). This estuary has both environmental and industrial importance, thus understanding the long-60 
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term residuals is required for sustainable management planning. Two estuary channels (namely the 61 

Welsh and Hilbre Channels, Fig. 1) are studied to improve understanding of the physical processes (full 62 

external forcing to the outer Liverpool Bay boundary and local regional component forcing from: waves, 63 

tide, local meteorology and baroclinicity) affecting the tide-dominant estuarine channels under episodic 64 

wave impact and baroclinic influence.  Theoretical studies suggest the tidal residual will vary depending 65 

on the channel geometry (Li and O’Donnell, 2005), the Coriolis effect (Winant, 2008) and frictional 66 

influence (Cáceres et al., 2003), as will the combined barotropic-baroclinic residual (Valle-Levinson et al., 67 

2003). We therefore compare transects of two different channels to better understand the spatial 68 

variability within the net residual circulation. Based on Bolaños et al. (2013) the relevant non-dimensional 69 

numbers that are used to determine the characteristics of the Dee are the: horizontal Richardson number, 70 

Stokes number, Ekman number and Wedderburn number. The horizontal Richardson number (average 71 

value of 0.6) indicates a regime of tidal straining.  It has also been shown that the gravitational circulation 72 

is important in creating residual circulation during calm periods (Bolaños et al., 2013).  The Stokes 73 

number (Souza, 2013) is greater than 1 (average value of 5) suggesting tidal mixing (friction) to be 74 

important over the full water column. A low Ekman number (average value of 0.165) suggests Coriolis is 75 

important in creating horizontal shear. A large Wedderburn number (average value of -2.09) suggests 76 

wind to be important during this period. However, 3D numerical simulations by Bolaños et al., (2013) 77 

show very different characteristics within the estuary channels. The residual flow in the Welsh Channel is 78 

dominated by the tide, with a horizontally-sheared pattern (Bolaños et al., 2013). The residual in the 79 

Hilbre Channel is dominated by baroclinicity, creating a vertically-sheared pattern (Bolaños et al., 2013).  80 

Wave activity at the Welsh mooring is fairly consistent at all states of the tide due to its exposed location 81 

(Bolaños et al., submitted).  The ebb tide causes wave steepening (higher and shorter period).  Wave 82 

activity at the Hilbre mooring occurs at higher water elevations (above the mean tidal level). The influence 83 

of radiation stress, especially when considered in 3D, during the stormy period has been shown to 84 

improve the 3D structure of the along-channel residual velocity component at this mooring location 85 

(Bolaños et al., submitted).  However, even under these more turbulent conditions the baroclinicity is still 86 

the most important process in creating a residual circulation for this channel (Bolaños et al., submitted). 87 

These earlier works are extended here to look at the longer term (monthly) spatial time-averaged residual 88 

in both elevation and circulation. Studies of the time-varying residual elevation (Brown et al., 2012a) and 89 

time-varying residual circulation (Brown et al., submitted) show the subtidal, event scale (few days) 90 
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process contribution over time in response to the atmospheric, external hydrodynamic boundary and 91 

riverine forcing.  The semi-diurnal variability in the magnitudes of these residuals is also shown to be a 92 

consequence of the interactions with the hypertide. Although storm processes, such as wind, waves, and 93 

river discharge have large instantaneous impact during extreme events (Brown et al., Submitted), over 94 

longer periods their influence may be minimal.  To gain insight into the monthly residual conditions time-95 

averaged residuals are studied here by comparing equal spring-neap periods (15 days) of calm and 96 

stormy conditions. Further comparison with the full (30-day) period is used to determine the importance of 97 

the residual contribution from calm and storm conditions to the monthly residuals within a hypertidal 98 

estuary system.  99 

 100 

Figure 1. The Dee Estuary located in Liverpool Bay NW UK. The local model domain is shown (centre) 101 

with a close up of the estuary bathymetry (right) with instrument locations marked by the black triangle 102 

and the studied transects marked by grey lines. 103 

 104 

The study period (6
th
 February – 7

th
 March 2008) covers 30 days in winter, which include calm current-105 

dominant conditions (prior to 21
th
 February with Hs < 0.7 m) followed by stormy wave-current conditions, 106 

with an extreme storm occurring 29
th
 February, when the Hm0 reaches up to 2.23 m within the channels 107 

close to the estuary mouth. During this time the following sources of observation are available from a 108 

process study of the Dee Estuary initiated on the 12
th
 February (Fig. 2 a-c): current data from an Acoustic 109 

Doppler Velocimeter (ADV, within the Welsh Channel) and Acoustic Doppler Current Profiler (ADCP, 110 

within the Hilbre Channel); wave parameters (Hm0 and Tz) from a pressure sensor; depth from the same 111 

pressure sensor. A 48 hour delay occurs between instrument deployments within the two channels. 112 
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Details of the instrumentation used during this study are given by Bolaños and Souza (2010).  Data is 113 

also obtained from other sources to supplement this study (Fig. 2 d-e): Wind velocity (U10) from the met 114 

station on Hilbre Island; and river discharge from gauging stations in tributaries feeding the Dee. During 115 

this study (Fig. 2) the tidal range is about 4 m during neaps and 10 m during springs, generating 116 

maximum currents of 1.4 ms
-1

. The waves within the estuary do not exceed 2.3 m during storms and are 117 

below 0.7 m during calm or fetch limited (SE) wind conditions. The river discharge is generally low, often 118 

< 80 m
3
s

-1
 which is considered as large for the Dee. The wind is variable reaching a maximum of 23.5 ms

-119 

1
 during an extreme SW storm event. The veering wind conditions during this storm event (Fig. 2d, 550 – 120 

650 hrs) are known to create joint extreme surge and wave conditions in Liverpool Bay (Brown et al., 121 

2010).  122 

 123 

The modelled period of study is extended back in time from the start of the observations, so two separate 124 

15-day (spring-neap) periods can be compared.  The processes investigated are: baroclinicity, tides, 125 

waves, river flow, atmospheric forcing and external hydrodynamic boundary forcing to the bay. The 126 

residual is calculated from numerical methods and refers to the 15 or 30 day time-average of a process’ 127 

contribution and its inherent interactions with other processes, which may contribute further to the 128 

deviation in the circulation or elevation from that of the harmonic tide. For example, baroclinicity 129 

generates a flow due to the baroclinic pressure gradient, but also interacts with the tide to create 130 

asymmetric current profiles. In this study both of these processes have been considered within the 131 

baroclinic current residual, although the latter interaction is due to both tidal and baroclinic influences 132 

interacting together, the model only accounts for it when baroclinicity is considered. 133 

 134 

By setting up a 3D circulation-wave model and validating it with the available data enables a greater 135 

spatial area to be analysed. Previous studies have looked at and validated the time-varying residuals, of 136 

both circulation (Brown et al., submitted) and elevation (Brown et al., 2012a) at an isolated point in both 137 

channels. This study proceeds to now investigate the cross-sectional 15 or 30 day time-averaged residual 138 

profile over cross-sections in both the along- and cross-channel directions. For this application the 139 

Proudman Oceanographic Laboratory Coastal Ocean Modelling system (POLCOMS) is chosen with the 140 

Wave Model (WAM) and the General Ocean Turbulence Model (GOTM), to provide a fully coupled 141 

circulation-wave-turbulence model. POLCOMS (Holt and James, 2001) is a barotripic-baroclinic 3D 142 
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circulation model. WAM (Komen et al., 1994) adapted for coastal water (Monbaliu et al., 2000) is a third 143 

generation spectral wave model that has been extended to include 3D radiation stress (using Mellor, 144 

2005). GOTM (Umlauf, Burchard, 2005) enables a sophisticated turbulence scheme to be implemented, 145 

which is crucial in estuarine modelling.  The ADCP within the Hilbre Channel enabled 3D validation of this 146 

modelling system (Brown et al. Submitted).  The predictive capability of the model is high for the 147 

simulation of the total vertical current profile components (with a Willmott et al., (1985) agreement index of 148 

at least 0.98, see Amoudry et al., this issue) and surface elevation (with an RMS error normalised by the 149 

maximum tidal range of 0.15).  The time-averaged (Eulerian) residual circulation profile over the study 150 

period has better agreement in the along-current component and less accuracy in the cross-channel 151 

channel component, which shows over prediction of the two-layer structure (Bolaños et al., 2013).  The 152 

coupled wave model performs with high accuracy, while the residual velocity is less accurate, particularly 153 

during the extreme storm event (Brown et al., Submitted). The depth- and time-varying total velocity for 154 

the fully coupled model simulation (PGW) has been validated here.  In the major current component the 155 

model performs reliably with an R
2
 value of 0.90 and RMS error of 0.48 ms

-1
. In the minor current 156 

component the model is less accurate, with an R
2
 value of 0.12 and RMS error of 0.19 ms

-1
, due to over 157 

prediction of the 2-layered structure in the vertical. The time-averaged (Eulerian) residual for the period of 158 

observation (12
th
 February – 6

th
 March 2008) has a Willmott et al., (1985) agreement index of 0.78 for the 159 

along-channel current component and 0.07 in the cross-channel component.  There is clearly a bias in 160 

the along-channel profile (Fig. 3a) and an over-prediction of the 2-layer vertical structure in the cross-161 

channel component (Fig. 3b).  The depth-mean of the absolute bias at each sigma level where 162 

observations are available is 0.03 ms
-1

 and 0.02 ms
-1

, for the respective current components.  The 163 

representation of the main channel patterns gives confidence in the numerical system, such that it has 164 

been used here to study the 3D patterns within the Welsh Channel, where observations are sparse.  165 

Available near-bed observations (0.35 m above the bed) from the ADV in the Welsh Channel show the 166 

model is capable at accurately simulating the near-bed stress due to the current field (with an R
2
 value of 167 

0.75, Ramirez et al., this issue) and the surface elevation (with an RMS error normalised by the maximum 168 

tidal range of 0.15). Pressure sensors confirm that both the wave field (Bolaños et al., submitted) and 169 

residual elevation (Brown et al., 2012a) were well represented by the model in both channels. The model 170 

is therefore used here to extract the time-averaged (Eulerian) residual circulation both along and across 171 
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both channels. Where the studied transects intersect the residual elevation is also investigated for this 172 

monthly period.   173 

 174 

Figure 2. The observed channel depth (a), bottom current speed at 0.35 m above the bed in the Welsh 175 

Channel and at 3.0 m above the bed in the Hilbre Channel (b), and significant wave height (c) for the 176 

Welsh (dots) and Hilbre (solid line) channels.  Along with the wind observed at Hilbre Island (d) and the 177 

combined river discharge gauged in the river Dee and Alyn (e). The time axis starts at 00:00 6
th
 February 178 

2008, with observations from the Dee Cruise (a-c) starting later on the 12
th
 February for the Welsh 179 

Channel and 14
th
 February for the Hilbre Channel.  The equal periods of calm and stormy (15-day) 180 

averaging windows are also depicted. 181 

 182 
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 183 

Figure 3. The modelled full physics (PGW, solid line) and measured (dashed line) time-averaged vertical 184 

current profile for both the (a) along and (b) across channel component for the full period of observation.  185 

 186 

Method 187 

This study investigates the barotropic-baroclinic-wave interaction within the Dee Estuary under full 188 

atmospheric, tidal and riverine forcing.  The POLCOMS modelling system has been setup for Liverpool 189 

Bay at 180 m horizontal resolution with 10 vertical sigma co-ordinates, within the water column. The 190 

boundaries are forced by sequentially increasing resolution regional scale (Continental Shelf downscaled 191 

to Irish Sea) model output for surge and waves, to enable energy external to Liverpool Bay to propagate 192 

into the local regional domain (see Brown et al., 2010). Full meteorological forcing is provided 193 

operationally by the UK Met Office at ~12 km resolution and 3 hourly intervals for temperature, humidity, 194 

cloud cover and at hourly intervals for wind and pressure. Available daily-averaged river discharge from 195 

the Centre of Ecology and Hydrology (CEH) were used for freshwater sources. The model is spun up 196 

from 1
st
 January to create the 3D barotropic-baroclinic structure. The wave model is initiated on the 20

th
 197 

February to allow a 1 day spin up of the wave conditions before the stormy period. This model setup 198 

ensures the model results are current-dominant during the calm period with no wave-circulation 199 

interaction.  Realistic atmospheric and river forcing has been used for the full study period along with 200 
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external boundary forcing to the Liverpool Bay model from a full physics Irish Sea simulation, which 201 

includes: waves, tide, local meteorology and baroclinicity. In the earlier part of the study, prior to the 202 

observational study in the Dee, the winds were south-easterly and greater river discharge occurred. 203 

These fetch limited conditions would have caused minimal local surge (experienced mainly as a set 204 

down, see later Figs. 4 and 5) and wave generation, while the river would have increased the baroclinic 205 

influence within the estuary.  It is therefore justifiable to extend the calm current-dominated condition back 206 

in time, since the conditions will be hypertidal with strong baroclinicity and local wind influence. The 207 

second study period, of stormy conditions, refers not only to the consideration of waves, but also to 208 

increased external surge and local winds.  The influence of every process is therefore analysed for each 209 

period.  Methods to consistently extract the time-varying residual from observation and model simulation 210 

have been described by Brown et al. (2012a) for validation purposes. The time-varying residual in both 211 

elevation (Brown et al., 2012a) and circulation (Brown et al., submitted) has been validated to show good 212 

hindcast of the residual elevation, but less accurate simulation of the residual circulation.  These 213 

validations are at point locations so slight inconsistency between the model and actual bathymetry, in 214 

addition to loss of accuracy in the bathymetry due to horizontal model resolution, will cause noticeable 215 

error in local validation. However, the model has performed well when simulating seasonal circulation 216 

across the Northwest European Shelf (Holt and Proctor, 2008), and both long-term circulation and density 217 

fields more locally within Liverpool Bay (Polton et al., 2011). The model is therefore used here, to further 218 

investigate the spatial monthly time-averaged (Eulerian) 3D circulation residual in the estuarine channels.  219 

During this study period the time-averaged 3D circulation residual is qualitatively well hindcast for a point 220 

in the Hilbre Channel (Bolaños et al., 2011; 2013).  The validation of the east and north velocity 221 

components (Bolaños et al., 2011) shows over prediction of the northerly surface velocity and a good 222 

representation of the easterly velocity; while the validation of the along-channel and cross-channel 223 

velocity components (Bolaños et al., 2013) shows better simulation of the along-channel component than 224 

the cross-channel component.  This demonstrates how influential the estuary bathymetry is on the 225 

current. In each case the inclusion of wave coupling improves the modelled vertical residual circulation 226 

profiles.  The total study period (6
th
 February 00:00 to 7

th
 March 00:00) was chosen to enable two 227 

consecutive, calm followed by stormy, closed spring-neap cycles to be compared without the influence of 228 

short-period tidal harmonic residuals influencing the time-averaged values.    229 

 230 
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To investigate the monthly contribution from different processes to the residual elevation, the time-varying 231 

elevation is extracted from the model for full and reduced physics simulations over 56 tides starting from 232 

high water (Table 1).  The difference between the simulated elevations provides the time-varying process 233 

contribution, which is time-averaged over the three time intervals of interest (28 calm tides, 28 stormy 234 

tides and the full period of 56 tides).  For the full residual elevation the difference between the full physics 235 

and tide only simulation is taken and the daily mean (25 hr) tidal elevation is interpolated to the hourly 236 

model output intervals and added back to the residual elevation to incorporate the tidal influence.   For the 237 

tide-alone simulation the elevation is time-averaged over the spring-neap tidal periods to show how the 238 

tidal elevation residual varies over time (for 2 closed cycles of 28 tides each, Figs. 4 and 5). The tidal 239 

elevation is also time-average for the full period of interest.  240 

 241 

The modelled currents are extracted at the sigma levels, which are at intervals of 10% of the water depth 242 

at each model time step, to enable the same point in the vertical profile to be time-averaged providing the 243 

Eulerian residual circulation.  In an environment with such a large tidal range this removes issues of the 244 

surface elevation varying drastically compared with the depth. The current velocities are presented at the 245 

tide-mean depth of each sigma level, enabling the time-averaged (Eulerian) current profiles to be plotted 246 

above the bottom topography relative to the mean tidal elevation.  However, it should be noted that using 247 

sigma levels complicates what the mean flow actually represents (Cheng et al., 2013) and is non-248 

conservative when time-averaging to obtain the volume flux, but the error due to this approach over time 249 

is small (Deleersnijder and Beckers, 1992). Although the cross-channel surface slope varies within a tidal 250 

cycle, the time-averaged slope is minimal and only deviates from the mean tidal level by at most a few 251 

centimetres.  The current profiles are therefore displayed for depths below the mean tidal elevation only 252 

and the cross-sectional variation in residual elevation is not studied.  The current components are 253 

extracted at each model grid point over the channel transects. The (u, v) components are then rotated 254 

using principal component analysis to obtain the along- and cross-channel current components.  The 255 

spatial variability in the two current components is then studied for all the channel transects.  The same 256 

angle of rotation, defined by the full model simulation, is applied to every reduced process model 257 

simulation considered.  258 

 259 
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By using local model simulations of Liverpool Bay consisting of different constituent processes, the 260 

residual due to the complete external conditions, local waves, local meteorology and local baroclinicity 261 

are investigated. The residual is obtained by time-averaging chosen Liverpool Bay simulations and then 262 

taking the difference between model simulations with full forcing and reduced forcing, as stated in Table 263 

1. This method allows important interactions, for example tidal interaction due to variable depth and 264 

current in a hypertidal estuary, to be included within the calculation of the process residual.  Simply 265 

modelling the process in isolation would lose any interaction, which may be as important as the process 266 

itself (see Brown et al., submitted). Time-averaging determines the net residual in addition to the regular 267 

oscillation of the tide.  Subtracting model simulations isolates the residual due to the required process of 268 

interest, which is not considered in the reduced forcing simulation.  The model is used to simulate the 269 

tides in isolation, include or omit temperature and salinity (i.e., choose between baroclinic or barotropic 270 

simulation) and account or exclude boundary forcing, which includes: atmospheric, river source and 271 

combined external (offshore) current, elevation, temperature and salinity fields. The residual created by 272 

river flow is not studied since it is already known that the river has a weak flow close to the mouth during 273 

this study, even at times of high discharge (Brown et al., submitted). By time-averaging the tide-alone 274 

current simulation and using the spring- and neap-mean tidal elevation the residuals induced by the tide 275 

are also analysed.  Due to the difficulty of selecting an averaging-window (tidal, daily) and the starting 276 

point within a tidal cycle (due to the absolute amplitude of consecutive high and low water being different) 277 

the longer period of a spring-neap phase (28 tides) has been used to time-average the residual tidal 278 

elevation. To enable quantification of the process contribution to the total residual the time-averaged 279 

(mean) value of each process generated residual elevation is compared with the total residual elevation, 280 

for the two 15-day and full 30-day periods. This enables the contribution of the calm and stormy period to 281 

the full period to be assessed. 282 

 283 

The model is used to extract the time-averaged current residual over transects of the channel and the 284 

residual surface elevation at a point where the transects intersect.  The studied transect locations and 285 

dimensions are consistent with those investigated by Bolaños et al., (2013).  The cross-sections are 286 

positioned over the elliptic scoured regions in the channels, extending along the channel between 15 m 287 

depth contours and across the channel between 5 m depth contours, cutting each other at right angles. 288 

This gives transects of approximately 1000 m and 4000 m over a region of up to approximately 25 m 289 



~ 12 ~ 
 

depth. The point of intersection between the transects does not coincide with the deepest point of the 290 

channel.  By taking a straight along-channel transect allows the variation along the channel in the residual 291 

circulation between opposite sides of the channel to be seen due to slight outward channel curvature 292 

towards the mouth (Fig. 1). The modelled 3D current is time-averaged over the two 15-day periods in 293 

isolation and the full 30-day period. To enable quantification of separate process contribution to the 294 

overall (full physics) residual circulation the RMS difference of time-averaged cross-sectional values has 295 

been calculated between the complete physics simulation and the different reduced physics simulations. 296 

This RMS value quantifies the difference between the total residual circulation (complete physics 297 

simulation) and the isolated process component of the residual circulation (reduced physics simulation), 298 

giving an estimate of the process contribution. The closer the RMS difference is to zero the more the 299 

analysed process contributes to the overall residual circulation. A value of zero means the total residual 300 

circulation is due to that one process alone. This difference metric calculates the contribution over a 301 

chosen time period and is extended here to consider spatial variation, by taking the cross-sectional-mean. 302 

The time-varying process contribution has been studies in more detail by Brown et al. (submitted). This is 303 

extended here to calculate the contribution of processes during 15-day (spring-neap) periods of calm and 304 

stormy conditions. Comparison with the contribution during the total 30-day period enables the 305 

importance of different processes over monthly time scales to be deduced in relation to storm activity to 306 

obtain an understanding of the spatial pattern.  307 

 308 

Table 1: The local Liverpool Bay model runs used to obtain the time-varying residual components, to 309 

which time-averaging is applied to obtain the net residual during the study period. The ‘–’ symbol 310 

indicated the difference between model runs. 311 

Processes 
studied 

Model simulations used 

All POLCOMS-GOTM with full forcing coupled to WAM for the 2
nd

 15-day period 

Met POLCOMS-GOTM with full forcing – POLCOMS-GOTM without atmospheric forcing 

Baroc POLCOMS-GOTM with full forcing – POLCOMS-GOTM without baroclinic forcing 

Wave POLCOMS-GOTM-WAM with full forcing–POLCOMS-GOTM with full forcing 

Ext POLCOMS-GOTM with full forcing – Met – Baroc – Tide 

Tide POLCOMS-GOTM with only tidal forcing 

 312 

 313 

Results 314 
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The residual elevation and residual circulation within the Welsh and Hilbre Channel is modelled to gain 315 

insight into the processes contributing to 30-day residual conditions. The time-varying residual elevation 316 

is initially analysed for the full (30-day) study period. It is extracted at the point of intersection between the 317 

two studied transects, which are used to investigate the current residual. This point is located by a cross 318 

in the along- and cross-channel transects (Figs. 6-17). The residual circulation is then presented for the 319 

calm 15-day period, followed by the stormy 15-day period and the combined monthly (30-day) period. The 320 

residual circulation is split into the along- and cross-channel current components and shown for both the 321 

along- and cross-channel transects.  322 

 323 

Residual elevation 324 

The time-varying elevation residual is very similar between both the Welsh (Fig. 4) and Hilbre (Fig. 5) 325 

Channels. The value of the time-mean clearly shows the similarity between the channels and the 326 

contribution of isolated processes to the overall residual elevation (Table 2). When decomposed into 327 

isolated processes the external residual is clearly shown to be the most important factor contributing to 328 

the instantaneous change in elevation and the local meteorology is secondary.  Prior to the stormy 329 

conditions the external residual causes a set-down. During the stormy period an overall set-up occurs 330 

although the variation in the magnitude over time is highly changeable. The maximum deviation in the 331 

external residual elevation is much larger during the stormy period than the calm period.  The local 332 

meteorological residual has a similar underlying pattern to that of the external residual, due to them both 333 

having the same forcing but over different size basins.  The greater fetch across the Irish Sea creates a 334 

larger surge than that generated locally within Liverpool Bay. The waves, when present, tides and 335 

baroclinicity have a small contribution, ranked from largest to smallest in the order they are mentioned. 336 

Baroclinicity causes a greater residual at neap tide than spring tide, with an overall positive bias.  At times 337 

the waves can have a comparable contribution to the local meteorology, while at other instances their 338 

influence will be less. This depends on wind direction and duration. The fetches for local wave and local 339 

surge generation and propagation towards the estuary mouth can differ. The wave-induced residual 340 

elevation can vary substantially across the estuary channels. A previous study (Brown et al., 2012a) at 341 

the Hilbre and Welsh Channel mooring locations (Fig. 1) showed the wave contribution to be less than 342 

~0.05 m.  Here, the wave contribution is much greater (up to 1.13 m in the Welsh Channel and 1.18 m in 343 

the Hilbre Channel).  For this study the analysis locations are further within the Welsh Channel away from 344 
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the ebb shoal in a deeper more exposed section of the channel; and further out of the Hilbre Channel 345 

towards the open sea and wave influence.  The other process residual elevations are similar to those 346 

observed at the nearby mooring locations. All the component elevation residuals have semi-diurnal 347 

oscillation within them due to the strong process interaction with the hypertidal conditions (Figs. 4 and 5). 348 

Over the spring-neap periods the residual elevation is near zero (Table 2, Fig. 4 and 5, top panel). For 349 

shorter periods within the cycle (e.g. a single tide, neap or spring phase) the residual elevations can vary 350 

due to the imbalance of the tidal amplitude between adjacent high and low waters.  During spring tides 351 

the high water amplitude is often larger than both the prior and subsequent low water amplitudes, the 352 

maximum tidal amplitude therefore occurring at high water. During neap tides the high water amplitude is 353 

generally between the prior and subsequent low water amplitudes with the smallest tidal amplitude 354 

occurring at low water. In both channels the neap tide set-down is just larger than the spring tide set-up, 355 

creating a 28-tide residual elevation of -0.001 m to -0.005 m. Earlier studies at the mooring locations 356 

(Brown et al., submitted) have investigated the time-varying residual tidal flow, which may also cause the 357 

non-zero residual tidal elevations. During spring tides there is a strong tidal residual flow out of the 358 

estuary in the Welsh Channel and moderate tidal residual flow into the estuary within the Hilbre Channel.  359 

During neaps a weak tidal residual flow into the Welsh Channel and moderate tidal residual flow out of 360 

the Hilbre Channel occurs. This demonstrated the spatial complexity of the tidal residual circulation within 361 

the estuary.   362 

 363 

The time-mean residual elevation for each process is given for: the full study period, the calm period and 364 

the stormy period (Table 2). Since the wave model was only used for the stormy period only values in the 365 

associated table column are given. The overall residual elevation is mostly dependent on the external 366 

residual and then the local wind forcing during stormy periods (see by the low RMS values Table 2). All 367 

processes have similar influence on both channels.  Comparison of the calm period with the stormy 368 

period shows that the external and local meteorological forcing both have greater mean values during 369 

calm conditions.  This is due to a continuous set-down compared with a varying set-up and set-down 370 

during the stormy period which cancels out over the averaging window. Although the external and 371 

meteorological residuals can vary in direction, the mean baroclinic effect is always positive. During the 372 

stormy period there is less semi diurnal oscillation within the baroclinic residual elevation; suggesting, 373 

tide-baroclinic interaction is weaker due to increased mixing reducing the strength of the stratification.  At 374 
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this time the (smoother) residual tends towards the higher value, causing a larger residual elevation on 375 

average.  The tides are averaged over 28 cycles starting at high water each side of the onset of wavy 376 

conditions (the high water at 360 hrs in Fig. 2). Differences in the tidal residual elevation values between 377 

the calm and stormy period are 4 mm in the Welsh and 6 mm in the Hilbre Channels.  This is most likely 378 

due to the hourly frequency of model output limiting the accuracy of the representation of the tidal 379 

elevation. However, slight differences will also occur due to the longer period tidal constituents influencing 380 

the tide during the averaging windows.  The tidally driven residual elevation will be unaffected by calm 381 

and stormy conditions, and will only represent a mean of the tidal elevation during the analysis period, 382 

which is nearly negligible.  383 

  384 

 385 

Figure 4. The Welsh Channel residual elevation generated by the following modelled component process: 386 

tides (magenta line), external residuals (cyan line), local meteorology (red line), baroclinicity (blue line), 387 

and waves (green line). The time starts at 00:00 6
th
 February. The processes are shown using different y-388 

axis scales to clearly see the time variation.  389 

 390 
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 391 

Figure 5. As Fig. 4, but for the Hilbre Channel. 392 

 393 

Table 2: The time-averaged residual elevation at the study location in the Welsh and Hilbre Channels. 394 

The RMS difference representing the process contribution (Met, Baroc, Wave, Ext, Tide) to the overall 395 

residual (All) is given in brackets.  396 

 Process Total period 
residual, m 

Calm period 
residual, m 

Stormy period 
residual, m 

Welsh Channel     

 All -0.07 -0.16 0.03 

 Met -0.00 (0.27) -0.02 (0.21) 0.01 (0.31) 

 Baroc 0.01 (0.28) 0.00 (0.23) 0.01 (0.32) 

 Wave - - 0.00 (0.31) 

 Ext -0.06 (0.05) -0.15 (0.05) 0.02 (0.05) 

 Tide -0.00 (2.34) -0.01 (3.03)  -0.00 (1.27) 

Hilbre Channel     

 All -0.07 -0.17 0.04 

 Met 0.00 (0.27) -0.02 (0.21) 0.02 (0.31) 

 Baroc 0.01 (0.28) 0.01 (0.23) 0.01 (0.32) 

 Wave - - 0.00 (0.32) 

 Ext -0.06 (0.05) -0.15 (0.04) 0.02 (0.06) 

 Tide -0.01 (2.52) -0.01 (3.21) -0.00 (1.51) 

  397 

 398 

 399 

Residual circulation during the calm current-dominant period 400 
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The overall residual circulation in the Welsh and Hilbre Channels is quite different between the channels 401 

during the initial 15-day calm period. The Welsh Channel residual is dominated by tidal processes and the 402 

Hilbre Channel by baroclinic processes, as initially shown by Bolaños et al. (2013). Since the wave model 403 

is not applied during this time there is no wave residual generated.  However, the wave subplots are 404 

shown in the following figures for completeness to enable easy process comparison with the later figures 405 

during the stormy and full period analysis. In both channels for both residual current components the local 406 

meteorology and external processes have negligible influence (Fig. 6, panel c, d, i and j). The Welsh 407 

along-channel residual current component shows that the tide (Fig. 6, panel k and l) creates the strongest 408 

residual component with seaward flow on the right side of the Welsh Channel and landward flow on the 409 

left. Along the channel, variation is also seen with flow reversal over the deepest point of the channel.  410 

Baroclinicity has a clear and important influence creating a vertical 2-layer structure modifying the tidal 411 

residual (Fig. 6, panel e and f).  The baroclinicity generates a seaward surface flow and landward bottom 412 

flow. The surface layer is slightly deeper towards the left of the channel becoming shallower before 413 

disappearing towards the right of the channel.  414 

 415 
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 416 

Figure 6. The along-channel residual circulation component in the Welsh Channel, generated by the 417 

following modelled process for the calm period: all (panel a & b), local meteorology (panel c & d), 418 

baroclinicity (panel e & f), waves (panel g & h for consistency with the later figures), external residuals 419 

(panel i & j) and tides (panel k & l). The residual is defined as the time-averaged current over the calm 420 

study period 00:00 6
th
 February to 23:00 20

th
 February and is shown for the cross- (left) and along- (right) 421 

channel transects. Positive colours represent seaward flow and the black contour represents zero flow. 422 

The ‘+’ at the bottom of each panel axis shows the point of intersection of the along- and cross-channel 423 

transects. 424 

 425 

The cross-channel residual current component shows the same pattern of tidal dominance (Fig. 7, panel 426 

k and l), with baroclinicity having an important secondary influence (Fig. 7, panel e and f).  The tide 427 

creates a horizontal 2-layer structure while the baroclinicity creates a vertical 2-layer structure. The tide 428 
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causes flow convergence along the centre of the channel. The baroclinicity causes a surface flow towards 429 

the left and a bottom flow towards the right.  The two structures combine to give a 2-layer structure with 430 

flow reversal occurring along a diagonal from left of centre at the surface to right of centre near the bed 431 

(Figure 7a). For both the along- and cross-channel components the cross-channel profile is the same 432 

along the channel length. Towards the sea the Welsh Channel curves towards the west, so the profile line 433 

analysed becomes closer to the right bank, thus the tidal profile changes colour as it moves from 434 

depicting the flow at the centre of the channel to depicting the flow structure along the right side of the 435 

channel.   436 

 437 

 438 

Figure 7. The cross-channel residual circulation component in the Welsh Channel, generated by the 439 

following modelled process for the calm period: all (panel a & b), local meteorology (panel c & d), 440 

baroclinicity (panel e & f), waves (panel g & h for consistency with the later figures), external residuals 441 



~ 20 ~ 
 

(panel i & j) and tides (panel k & l). The residual is defined as the time-averaged current over the calm 442 

study period 00:00 6
th
 February to 23:00 20

th
 February and is shown for the cross- (left) and along- (right) 443 

channel transects. Positive colours represent flow from left to right across the channel when looking along 444 

it towards the sea and the black contour represents zero flow. The ‘+’ at the bottom of each panel axis 445 

shows the point of intersection of the along- and cross-channel transects. 446 

 447 

The Hilbre Channel displays the same 2-layer process induced structures as the Welsh Channel. 448 

However, the tidal influence is much weaker (Fig. 8, panel k and l) and the baroclinicity much stronger 449 

(Fig. 8, panel e and f). The combined effect in the along-channel residual current component (Fig. 8a) is 450 

to create a vertically-sheared overall residual flow in this channel, compared with a diagonal pattern in the 451 

sheared flow within the Welsh Channel (Fig. 6a).  The Hilbre cross-channel residual current component 452 

(Fig. 9) has a similar shear structure to the Welsh Channel, although, the flow direction is reversed.  The 453 

tidally generated residual (Fig. 6, panel k and l) is also weaker enabling the stronger baroclinic residual to 454 

dominate creating a vertical 2-layer structure in the overall residual circulation pattern. The eastward 455 

curvature of the Hilbre Channel causes the straight along-channel transect to initially start closer to the 456 

left bank, when facing toward the sea, tending towards the right back with distance towards the mouth.  457 

Again, the tidal along-channel residual current profile changes with distance along the channel, due to the 458 

profile cutting across the axis of flow reversal. 459 
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 460 

Figure 8. As Fig. 6, but for the Hilbre Channel. 461 
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 462 

Figure 9. As Fig. 7, but for the Hilbre Channel. 463 

 464 

By calculating the RMS difference between each process and the total residual circulation it is clear that 465 

the Welsh Channel (Table 3) is dominated by tidal processes and the Hilbre Channel (Table 4) by 466 

baroclinic processes, as found by Bolaños et al. (2013). In the Welsh Channel baroclinic processes have 467 

similar importance to the local meteorology, external processes and waves. In the Hilbre Channel tidal 468 

influence is often of secondary importance, except for the along-channel residual current component over 469 

the cross-channel transect, where the tide generates a weak residual flow and local meteorology can 470 

have a more important affect.  In both channels the tide creates a horizontal structure and stratification 471 

creates a competing vertical structure. The residual flow direction generated by these processes can be 472 

in opposition at points within the presented channel transects.  The weaker of these two processes can 473 

therefore have a larger RMS difference than the other processes that generate much weaker (<±0.05 ms
-474 
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1
) residual flows (e.g. local meteorology), suggesting it contributes less to the overall residual circulation, 475 

when really the contribution is in an opposing direction to the overall residual. The RMS difference does 476 

not show how the secondary process modifies the primary process to generate the majority of the overall 477 

residual circulation. Process interaction within this estuary is known to be equally as important as the 478 

subtidal process contribution due to the hypertidal range (Brown et al., Submitted). The RMS difference is 479 

therefore also calculated for the tide plus baroclinic processes. In both channels the low value clearly 480 

shows how it is the interaction of these processes that typically determines the overall residual circulation, 481 

the secondary process weakly modifying the persistent residual circulation of the primary process.   482 

 483 

Table 3: The spatial RMS difference of the along- and cross-current components over the studied channel 484 

transects within the Welsh Channel. 485 

 Process Total period 
residual, m 

Calm period 
residual, m 

Stormy period 
residual, m 

Cross-channel transect. 
Along-channel residual 

component 

    

 Met 0.08 0.09 0.08 

 Baroc 0.08 0.09 0.08 

 Wave 0.08 - 0.08 

 Ext 0.09 0.09 0.08 

 Tide 0.02 0.02 0.02 

 Tide + Baroc 0.01 0.00 0.02 

Along-channel transect. 
Along-channel residual 

component 

    

 Met 0.05 0.05 0.05 

 Baroc 0.05 0.05 0.05 

 Wave 0.05 - 0.04 

 Ext 0.04 0.05 0.05 

 Tide 0.03 0.04 0.02 

 Tide + Baroc 0.00 0.00 0.01 

Cross-channel transect. 
Cross-channel residual 

component 

    

 Met 0.06 0.07 0.06 

 Baroc 0.06 0.06 0.06 

 Wave 0.05 - 0.05 

 Ext 0.06 0.07 0.06 

 Tide 0.03 0.05 0.02 

 Tide + Baroc 0.00 0.00 0.01 

Along-channel transect. 
Cross-channel residual 

component 

    

 Met 0.04 0.04 0.04 

 Baroc 0.04 0.04 0.04 

 Wave 0.04 - 0.04 

 Ext 0.04 0.05 0.03 
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 Tide 0.03 0.04 0.02 

 Tide + Baroc 0.00 0.00 0.01 

  486 

Table 4: The spatial RMS difference of the along- and cross-current components over the studied channel 487 

transects within the Hilbre Channel. 488 

 Process Total period 
residual, m 

Calm period 
residual, m 

Stormy period 
residual, m 

Cross-channel transect. 
Along-channel residual 

component 

    

 Met 0.04 0.04 0.04 

 Baroc 0.02 0.02 0.02 

 Wave 0.04 - 0.04 

 Ext 0.03 0.04 0.03 

 Tide 0.04 0.04 0.03 

 Tide + Baroc 0.01 0.00 0.01 

Along-channel transect. 
Along-channel residual 

component 

    

 Met 0.07 0.07 0.06 

 Baroc 0.03 0.03 0.04 

 Wave 0.07 - 0.07 

 Ext 0.06 0.08 0.05 

 Tide 0.06 0.07 0.05 

 Tide + Baroc 0.01 0.00 0.02 

Cross-channel transect. 
Cross-channel residual 

component 

    

 Met 0.05 0.05 0.04 

 Baroc 0.03 0.03 0.03 

 Wave 0.05 - 0.05 

 Ext 0.05 0.05 0.05 

 Tide 0.04 0.05 0.03 

 Tide + Baroc 0.01 0.00 0.01 

Along-channel transect. 
Cross-channel residual 

component 

    

 Met 0.05 0.06 0.05 

 Baroc 0.02 0.02 0.02 

 Wave 0.05 - 0.04 

 Ext 0.05 0.06 0.04 

 Tide 0.05 0.05 0.04 

 Tide + Baroc 0.00 0.00 0.01 

 489 

Residual circulation during the stormy wave-current period 490 

During the later 15-day stormy period the overall residual circulation is again quite different between the 491 

Welsh and Hilbre Channels. As for the calm period the dominant process in the Welsh Channel residual 492 

is the tide (Figs. 10 and 11, panel k and l) and in the Hilbre Channel it is the baroclinicity (Figs. 12 and 13, 493 

panel e and f). The overall storm period residual is very similar to that of the calm period in both channels 494 
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and the tidal residual (Figs. 10-13, panel k and l) is nearly identical, due to both periods consisting of a 495 

single spring-neap cycle. By comparing calm with storm periods, the Welsh Channel shows some slight 496 

differences at the surface in the structure of the overall along-channel residual circulation component and 497 

the Hilbre Channel shows slight differences at the surface in the structure of the overall cross-channel 498 

residual circulation component. For the storm period the local meteorology and external processes have 499 

more impact on the residual circulation and the enhanced wind and wave mixing weakens the baroclinic 500 

influence, more so in the Welsh Channel. In the Welsh Channel the local meteorology and externally-501 

induced residuals have a 2-layer vertically-sheared structure with opposing process flow directions in the 502 

along-channel residual current component (Fig. 10, panel c, d, j and i).  This also occurs in the Hilbre 503 

Channel but the residual is of weaker magnitude. The local meteorology causes a landward surface flow 504 

and seaward bottom flow in the along-channel residual current component in the Welsh Channel (Fig. 10, 505 

panel c and d) and a seaward flow over the majority of the Hilbre Channel (Fig. 12, panel c and d).  In the 506 

cross-channel residual current component the surface flow is towards the right in the Welsh Channel and 507 

left in the Hilbre Channel, with reversed bottom flow (Figs. 11 and 13, panel c and d). The external 508 

residual creates a seaward surface flow and landward bottom flow in the along-channel current 509 

component (Figs. 10 and 12, panel i and j).  In the Welsh cross-channel residual current component the 510 

surface flow is towards the left and the bottom flow is towards the right, while in the Hilbre Channel a 511 

central layer flows towards the left with return flow near the bed and surface (Figs. 11 and 13, panel i and 512 

j). The presence of waves enables generation of a wave-induced residual that has similar magnitude to 513 

the non-tidal process within the Welsh Channel and the non-baroclinic processes in the Hilbre Channel. 514 

The direction of the wave-induced along-channel current residual is opposite in the two channels (Figs. 515 

10 and 12, panel e and f). In the Welsh Channel it is mainly seaward, with a narrow bottom layer of 516 

landward flow. In the Hilbre Channel it creates a landward flow at all depths, with faster velocity away 517 

from the bottom and surface boundaries. This wave-induced flow has previously been shown, by Bolaños 518 

at al. (Submitted), to improve the modelled net residual circulation when compared with this period of 519 

ADCP observation. For the cross-channel wave-induced residual current component the Welsh Channel 520 

experiences a general flow towards the left, while the Hilbre Channel has a 2-layer structure in the 521 

horizontal with flow towards the centre from both sides.  During stormy conditions the residuals induced 522 

by storm properties (e.g. waves and wind) increases and the increased turbulent mixing slightly weakens 523 

the baroclinicity. However, the storm process importance is still secondary to that of the tide and 524 
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baroclinicity within this hypertidal estuary on average over the 15-day stormy period. Contrary to this, at 525 

the event scale storm impact can be of primary importance (Brown et al., Submitted).  526 

  527 

 528 

Figure 10. The along-channel residual circulation component in the Welsh Channel, generated by the 529 

following modelled process for the storm period: all (panel a & b), local meteorology (panel c & d), 530 

baroclinicity (panel e & f), waves (panel g & h), external residuals (panel i & j) and tides (panel k & l). The 531 

residual is defined as the time-averaged current over the stormy study period 00:00 21
th
 February to 532 

23:00 6
th
 March and is shown for the cross- (left) and along- (right) channel transects. Positive colours 533 

represent seaward flow and the black contour represents zero flow. The ‘+’ at the bottom of each panel 534 

axis shows the point of intersection of the along- and cross-channel transects. 535 

 536 
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 537 

Figure 11. The cross-channel residual circulation component in the Welsh Channel, generated by the 538 

following modelled process for the storm period: all (panel a & b), local meteorology (panel c & d), 539 

baroclinicity (panel e & f), waves (panel g & h), external residuals (panel i & j) and tides (panel k & l). The 540 

residual is defined as the time-averaged current over the stormy study period 00:00 21
th
 February to 541 

23:00 6
th
 March and is shown for the cross- (left) and along- (right) channel transects. Positive colours 542 

represent flow from left to right across the channel when looking along it towards the sea and the black 543 

contour represents zero flow. The ‘+’ at the bottom of each panel axis shows the point of intersection of 544 

the along- and cross-channel transects. 545 

 546 
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 547 

Figure 12. As Fig. 10, but for the Hilbre Channel. 548 

 549 
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 550 

Figure 13. As Fig. 11, but for the Hilbre Channel. 551 

 552 

The RMS difference from each process during the storm period is very similar to that during the calm 553 

period (Table 3 and 4). In some residual components the storm conditions lessen the importance of 554 

baroclinicity, strengthening the tidal dominance, but overall, the tide-baroclinic residual current determines 555 

the residual circulation within these two channels. Since the storm period residuals are still predominantly 556 

driven by non-storm processes within this hypertidal estuary, the long-term residual is unlikely to change 557 

significantly as a consequence of future changes in storminess.  558 

 559 

Residual circulation during the full (30-day) period 560 

By considering an equal time period of calm and stormy conditions the influences of selected processes 561 

can be deduced for the monthly period. Since the storm conditions do not have a significant influence on 562 
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the residual circulation, the full 30-day period experiences a relatively constant residual circulation. The 563 

time-averaged profiles (Figs. 14–17) are therefore similar to that of the calm conditions. This is mainly due 564 

to the hypertidal conditions being dominant in this estuary generating a consistent tidal residual under any 565 

atmospheric forcing. However, it is also partly due to the fact that storm influence only slightly weakens 566 

the baroclinic residual circulation and that the storm properties only generate a weak residual themselves. 567 

This is due to estuarine sheltering from storm impact.  The NW-SE alignment is perpendicular to the wind 568 

direction, SW-W, associated with extreme surge events.  This limits the internal fetches, while banks at 569 

the mouth reduce external wave propagation (generated by W-NW wind directions) into the estuary. Over 570 

the month long period the strength of the baroclinic residual circulation is slightly weaker than during calm 571 

conditions, due to increased turbulent mixing (storms) and changes in river discharge.  Due to the local 572 

meteorology and external influence having nearly negligible impact during the calm period and some, all 573 

be it weak, impact during the storm period the 30-day profiles for these processes are similar to the 15-574 

day storm profiles with slightly weaker magnitudes.  The wave induced residual circulation over the 30-575 

day period is that of the 15-day storm profile because they were not modelled, as they were considered 576 

negligible, during the calm period. Since the storm influence is weak in magnitude it is therefore likely that 577 

the long-term (annual) residual profile will be influenced by the cumulative duration of calm and storm 578 

periods. The long-term (annual) profile is unlikely to differ significantly from the the 15-day calm period 579 

profiles. Storm events seem to have low impact on this estuary and the annual cumulative duration of 580 

significant storm events is unlikely to exceed the cumulative duration of calm periods, at present. The 581 

vertical time-varying residual profile during a storm event is looked at by Brown et al. (submitted) and has 582 

more noticeable impact at the short-term event scale. However, its influence is shown here to average out 583 

over the 30-day period when considering the residual circulation.   584 

        585 
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 586 

Figure 14. The along-channel residual circulation component in the Welsh Channel, generated by the 587 

following modelled process for the full period: all (panel a & b), local meteorology (panel c & d), 588 

baroclinicity (panel e & f), waves (panel g & h), external residuals (panel i & j) and tides (panel k & l). The 589 

residual is defined as the time-averaged current over the full study period 00:00 6
th
 February to 23:00 6

th
 590 

March and is shown for the cross- (left) and along- (right) channel transects. Positive colours represent 591 

seaward flow and the black contour represents zero flow. The ‘+’ at the bottom of each panel axis shows 592 

the point of intersection of the along- and cross-channel transects. 593 

 594 
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 595 

Figure 15. The cross-channel residual circulation component in the Welsh Channel, generated by the 596 

following modelled process for the full period: all (panel a & b), local meteorology (panel c & d), 597 

baroclinicity (panel e & f), waves (panel g & h), external residuals (panel i & j) and tides (panel k & l). The 598 

residual is defined as the time-averaged current over the full study period 00:00 6
th
 February to 23:00 6

th
 599 

March and is shown for the cross- (left) and along- (right) channel transects. Positive colours represent 600 

flow from left to right across the channel when looking along it towards the sea and the black contour 601 

represents zero flow. The ‘+’ at the bottom of each panel axis shows the point of intersection of the along- 602 

and cross-channel transects. 603 

 604 
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 605 

Figure 16. As Fig. 14, but for the Hilbre Channel. 606 

 607 
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 608 

Figure 17. As Fig. 15, but for the Hilbre Channel. 609 

  610 

Discussion 611 

A barotropic-baroclinic-wave model has been used to study selected process contribution to the 30-day 612 

residual elevation and residual circulation.  The Eulerian residual circulation is presented for each process 613 

to identify the order of their importance. To calculate the full residual mass transport the Lagrangian time-614 

average also needs consideration to account for Stokes’ drift (see Giddings et al., 2013). Here, results are 615 

presented for a tidally-dominant and baroclinically-dominant channel close to the mouth of a hypertidal 616 

estuary, the Dee. This extends the study of Bolaños et al. (2013) to determine how equal periods of calm 617 

and wavy conditions combine to influence the monthly time-averaged residual. The time-varying (event 618 

scale) process contributions are shown by Brown et al. (Submitted). It is clear that during events the 619 

vertical profile in residual circulation can be very different to the time-averaged profile. For particle 620 
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transport this may be important as the magnitude of transport during short-period events (e.g. storms) 621 

may be significant. At the studied locations the mean 30-day tide alone along-channel residual circulation 622 

averaged over the cross-channel transect indicates that overall the Welsh Channel is flood-dominant and 623 

the Hilbre Channel is ebb-dominant.  This flood/ebb-dominance is important, greatly influencing the 624 

channels’ residual circulation. The nearshore salinity field and tidal conditions have greater influence on 625 

the flood-dominant Welsh Channel (higher salinities and tidally-dominant) and the up estuary riverine 626 

conditions have greater influence on the ebb-dominant Hilbre Channel (lower salinities and baroclinicly-627 

dominant).  In both channels the residual elevation is mainly controlled by external processes to the 628 

estuary and local meteorology, while the combined effect of local tide and baroclinicity determines the 2D 629 

residual circulation.  In the Welsh Channel the tide is the most important process and in the Hilbre 630 

Channel baroclinic processes dominate (Bolaños et al., 2013). The horizontal Richardson numbers 631 

suggest the channels experience tidal straining, which influences the residual circulation, this is in accord 632 

with these results.  Although the Wedderburn number suggests wind is important for mixing, our findings, 633 

in agreement with Bolaños et al. (2013), show that this process has little influence on the time-averaged 634 

baroclinic residual circulation.  The Ekman number calculated by Bolaños et al. (2013) correctly predicts 635 

horizontal shear in both channels, as seen in the along-channel tidal residual circulation (particularly in 636 

the Welsh Channel) in agreement with that described by Winant (2008). During storm conditions the 637 

residual elevation is significantly influenced by the storm processes (external surge, wind and waves), 638 

while the residual circulation is only slightly modified.  During calm conditions the residual water level 639 

varies, but not to the extent of that during storm conditions.  Compared with the variation in the tidal range 640 

(< 10 m) together with the fact the surge peaks often avoid high water (Proudman, 1957; Rossiter, 1961; 641 

Horsburgh and Wilson, 2007), the total water depth within the estuary rarely differs from the maximum 642 

spring tide conditions. Wave effects are as important as the local meteorology and external influences at 643 

the study locations. However, these storm properties have limited impact on the residual circulation, but 644 

are all required for accurate modelling of the residual circulation (Bolaños et al., submitted).    645 

 646 

Even though this estuary is hypertidal and has a low river input, baroclinicity is an important process in 647 

both channels; dominating the residual circulation in the Hilbre Channel (with weak tidal residual) and 648 

modifying the strong tidal residual in the Welsh Channel. Baroclinicity is greater in the Hilbre Channel due 649 

to the Coriolis Effect (Brown et al., Submitted) diverting the freshwater flow towards this channel. Tidal 650 
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dominance within the channels, which is also likely to be a consequence of the Coriolis Effect, also 651 

facilitates freshwater flow within the Hilbre Channel promoting baroclinicity, while inhibiting it in the Welsh 652 

Channel. The barocilnic influence remains fairly constant over time even though the mean river discharge 653 

is greater during the calm than the stormy period. The strength of the tidal residual circulation is near zero 654 

over the spring-neap cycle, but short-term variation is related to shallow water effects and is complicated 655 

by the time-varying channel geometry. 656 

 657 

The weaker freshwater inflow (27% less during the stormy period than the calm period) combined with 658 

increased mixing under storm conditions does not significantly reduce the strength of the baroclinic 659 

residual, as seen in Figures 8 and 9 compared with Figures 12 and 13. The horizontal Richardson 660 

number for these channels (calm period: Hilbre Channel = 1.2, Welsh Channel = 0.84; storm period: 661 

Hilbre Channel = 0.84, Welsh Channel = 0.56) is consistent for tidal straining (>0.25). During these 662 

periods the horizontal Richardson number is always slightly greater in the Hilbre Channel, suggesting 663 

stronger straining and therefore greater baroclinic influence. In calm conditions the value tends towards 664 

the threshold for permanent stratification (O1), especially within the Hilbre Channel. Although the increase 665 

in turbulent mixing reduces the values during stormy conditions, the channels still remains in a regime of 666 

tidal straining.  These channels are therefore likely to always be tidally strained and the baroclinic 667 

contribution is likely to be persistent.  The reduced river discharge during the storm period may cause the 668 

reduced variability in the baroclinic residual elevation during this time. Future changes in temperature, 669 

salinity and river flow could influence the strength and therefore importance of the baroclinicity, especially 670 

in the Hilbre Channel.  The difference in dominant processes between the studied channels suggests any 671 

change will not have equal influence across the estuary.     672 

 673 

At present coastal storm impact has minor influence on the overall current residual within this estuary; the 674 

wave-circulation conditions look very similar to that of the calm conditions when comparing equal periods 675 

of 15 days. The long-term residual circulation is therefore likely to be similar to that of the full (30-day) 676 

study period. Increased storminess could shift the residual circulation towards that of the storm period. 677 

The tide dominated Welsh Channel residual is unlikely to change; while the Hilbre Channel could possibly 678 

become more tide dominant, due to increased turbulent mixing.  Changes in offshore storminess will have 679 

more noticeable impact on the residual elevation, as storm processes are the major contributor, than the 680 
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residual circulation. Although little change in future storm conditions are suggested for Liverpool Bay 681 

(Brown et al., 2012b), sea level rise may modify coastal tidal dynamics and wave conditions, through 682 

changes in inundated areas, depth and consequent morphological evolution. This has the potential to 683 

modify the tidal interaction and the tidal residual, which is important in hypertidal estuaries.     684 

  685 

The difference between the (tidal) Welsh and (baroclinic) Hilbre Channel residual circulation 686 

demonstrates: that although the same tidal regime (hytertidal conditions) is experienced by both 687 

channels, tidal or baroclinic processes may dominate the residual circulation within a particular channel, 688 

and it cannot be assumed that under a given tidal characteristics that the tide will (macro or hypertidal 689 

condition) or will not (microtidal conditions) determine the dominant process in creating the residual flow 690 

within a channel.  The strength of the baroclinic processes and their persistence during storm conditions 691 

suggests they are likely to influence the long-term residual circulation no matter how energetic the 692 

conditions.  This poses the question: Is the baroclinic circulation in a hypertidal estuary dominated by the 693 

processes related to tidal straining or the horizontal density gradient? Factors that will influence the 694 

importance of the baroclinicity will be how sheltered an estuary channel is from storm impact and the 695 

strength of the tidal residual. The baroclincly dominant channel is likely to have more variable residual 696 

over an annual period than a tidally dominant channel due to the fluctuating seasonal nature of storms 697 

and freshwater input.   698 

 699 

The modelling system used here is considered to give valid results for the Dee Estuary and has been 700 

used to determine the 30-day process contribution to the estuarine residuals. Although 3D modelling 701 

provides a robust method for isolating process contribution, while incorporating nonlinear interactions, 702 

discrepancies between the real (highly mobile) and (limited past) surveyed model bathymetry may cause 703 

errors.  Through modelling we are able to study the desired transects with continuous temporal 704 

information.  For residual circulation this is important for capturing the 2-layer structure within the 705 

channels, which is shown to vary between horizontally and vertically sheared depending on the dominant 706 

process, tidal or baroclinic. Observations are often limited and have the potential to be discontinuous in 707 

space and/or time, inhibiting calculation of the residual (time-mean) conditions over a complete cross-708 

section.  These results can now be used to investigate the estuarine sediment dynamics (distribution and 709 

net fluxes of different classes). Although the monthly residual circulation is dominated by the calm 710 
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conditions, enhanced sediment transport during storm events may be important for net sediment flux.  In 711 

the Welsh Channel the residual flow suggests net sediment export may occur along the right side of the 712 

channel (when facing offshore) and an import on the left. In the Hilbre Channel the residual flow suggests 713 

net sediment export may occur in a surface layer and an import in a bottom layer. The height of the 714 

sediment within the water column will be important within the Hilbre Channel as this will determine the 715 

transport direction, which may vary during particle settling and re-suspension.  The timing of each 716 

process’ contribution to the residual is investigated by Brown et al (submitted) and may be important 717 

when considering transport pathways.  Both Amoudry et al. (this issue) and Ramirez et al. (this issue) 718 

have explored the sediment transport processes using this modelling system validating the time-varying 719 

sediment concentrations in the Hilbre and Welsh Channels respectively, for this study period. The 720 

combined channel dynamics over the long-term will determine how the estuary morphology will evolve, 721 

while the net transport within these channels, particularly of different sediment classes, may differ.    722 

 723 

Conclusion  724 

The application of a barotropic-baroclinic-wave model has enabled a 30-day study of process 725 

contributions to the time-averaged spatial patterns of the long-term residual in both elevation and Eulerian 726 

circulation.  The model has been applied to the Dee Estuary, a hypertidal estuary that has two main 727 

channels, which have previously been found to display either tidal or baroclinic dominance (Bolaños et 728 

al., 2013).  Even during a (15-day) spring-neap period of stormy conditions, these two processes remain 729 

dominant. This demonstrates that although storm impact is important at the event scale (Brown et al., 730 

Submitted) it has lesser importance over longer (monthly) time scales for residual circulation within this 731 

estuary.   732 

 733 

This research looks at a longer (monthly) study period than previously investigated. The results from 734 

these hypertidal channels with weak river flow show that the tide is not always the most important process 735 

in generating residual circulation. The river-induced baroclinicity can be of primary or secondary 736 

importance, even close to the estuary mouth under wave-current conditions. It is shown that adjacent 737 

estuary channels can display very different spatial (2D cross-sectional) residual circulation profiles that 738 

are predominantly driven by local processes, while similar patterns occur in the residual elevation driven 739 

principally by hydrodynamic conditions external to the estuary and local (Liverpool Bay) region.  740 
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 741 

This study compares a spring-neap cycle under both calm and stormy conditions, determined by a period 742 

of observation. The Welsh Channel residual circulation is continually tidally dominant creating a 2-layer 743 

horizontal structure. This is likely to create a net export of sediments and tracer properties on the right 744 

side of the channel, with strongest flow near the surface. While a net import occurs along the left side.  745 

Centrally over the deepest part of the channel a landward surface flow and seaward near bed flow occurs 746 

as the two layers meet.  In the Hilbre Channel the residual circulation is continually baroclinically 747 

dominant creating a 2-layer vertical structure. This leads to a likely net export of sediments in the surface 748 

layer and import in the thicker bottom layer.  A metric is presented here to quantitatively compare process 749 

contribution to the residual circulation.  Although the estuary is sheltered from extreme wave activity the 750 

3D wave-induced circulation weakly contributes to the time-averaged residual. However this contribution 751 

should not be ignored (Bolaños et al., 2013). Over the long-term the influence of meteorology and waves 752 

is weak. This means that the long-term time-averaged residual circulation is mainly controlled by the tide 753 

and baroclinic processes, and is similar to that under calm current-dominant conditions.  Since the 754 

patterns in the profiles are similar for the calm and stormy period, the intermittent effect of storms (studied 755 

by Brown et al., Submitted) does not change the structure of the 2D profiles only the magnitude of the 756 

time-averaged residual circulation.    757 

 758 

In both channels the residual elevation is primarily controlled by the external residual generated over a 759 

longer fetch than that locally within Liverpool Bay, the local meteorological forcing has a secondary 760 

influence and the waves are of tertiary importance under storm conditions (Brown et al., 2012a). Under 761 

calm conditions, during this study, a set-down occurs. During stormy conditions more variable positive 762 

and negative variations in residual elevation lead to a small time-averaged set-up. The 30-day time-763 

average is a set-down of a few centimetres, again showing dominance of the calm conditions in the 764 

monthly residual, but this time for elevation. During stormy conditions any set-up which occurs may 765 

increase the area inundated at high water and the duration of inundation of the intertidal, thus affecting 766 

the exchange of particles (sediments / pollutants) or soluble traces between banks and channels at a time 767 

when more turbulent conditions increase suspension rates and mixing.  In the long-term the tide-768 

baroclinic conditions drive the net transport pathways, but storms may influence the transport rate. This 769 
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study provides a good basis to now investigate the long-term sediment dynamics of an estuary system in 770 

response to the wave-circulation processes.     771 
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