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ABSTRACT

Accurate representation of wind forcing and mean sea level pressure is important for modeling waves and

surges. This is especially important for complex coastal zone areas. The Weather Research and Forecasting

(WRF)model has been run at 12-, 4-, and 1.33-km resolution for a storm event over the Irish Sea. The outputs

were used to force the coupled hydrodynamic and the Proudman Oceanographic Laboratory Coastal Ocean

Modeling System (POLCOMS)–Wave Model (WAM) and the effect on storm surge and waves has been

assessed. An improvement was observed in the WRF model pressure and wind speed when moving from

12- to 4-km resolution with errors in wind speed decreasing more than 10% on average. When moving from

4 to 1.33 km no further significant improvement was observed. The atmospheric model results at 12 and 4 km

were then applied to the ocean model. Wave direction was seen to improve with increased ocean model

resolution, and higher-resolution forcing was found to generally increase the wave height over the Irish Sea by

up to 40 cm in places. Improved clustering of wave direction was observed when 4-kmmeteorological forcing

was used. Large differences were seen in the coastal zone because of the improved representation of the

coastline and, in turn, the atmospheric boundary layer. The combination of high-resolution atmospheric

forcing and a coupled wave–surge model gave the best result.

1. Introduction

Close to the coast the interaction between wind,

waves, and tides becomes most complex but also most

critical. Storms are particularly important at the coast as

these events can lead to high waves, storm surges, in-

undation, and erosion in populated areas. The motiva-

tion for this paper is to explore ways of improving coastal

surge andwave forecasting by improving the atmospheric

forcing. Here, we specifically examine the issue of at-

mospheric model resolution. Storm surges are generated

by atmospheric pressure gradients and surface wind

stress. In the deep ocean the main forcing is the inverse

barometer effect since the large water depth and lack of

coastal boundaries make wind stress ineffective at surge

setup. Surges at the coast are produced by Ekman

dynamics, behaving as forced Kelvin waves (Gill 1982).

The most important mechanism for coastal surge gen-

eration is wind stress acting over shallow water. The size

of the surge is proportional to the wind stress divided by

the water depth and thus the same wind stress will lead

to a larger surge in the shallowest regions such as the

southern North Sea and eastern Irish Sea. Here, we are
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interested in the effect of midlatitude storms that can

be assessed using coastal impact models of surges and

waves when forced by extreme winds.

Problems in modeling storms can be related to the

smoothness of modeled wind fields because of the limi-

tations of spatial resolution not capturing secondary de-

pressions, fronts, and the sting jet phenomenon (Browning

2004). Improved atmospheric model resolution has been

found to improve the representation of storms, producing

sharper mesoscale features as well as better representing

convective events (Mass et al. 2002). Wolf and Flather

(2005) discuss the problems of reconstructing the winds

for the 1953 storm, which led to the largest coastal flooding

disaster in the North Sea, because of surges and waves, in

recent years. Even with the best available wind recon-

struction, the first surge peak on the eastern coast of En-

gland late on 31 January was not reproduced, most

probably because of deficiencies in the wind data (Wolf

and Flather 2005). Work by Heaps (1983) referring back

toLennon (1963) showed that surges on thewestern coast

of the United Kingdom are related to the track and speed

of secondary depressions. The storm characteristics for

west coast surges [typical wind speeds ’ 40 kt (1 kt 5
0.51m s21) and surge elevations of 2.5m] were revisited

byBrown et al. (2010b). Ardhuin et al. (2007) andBertotti

et al. (2012) have found substantial differences between

the results of different operational models of wind and

waves for an extreme storm in the westernMediterranean

Sea concerning the peak values of wind speed and sig-

nificant wave height, the general distribution of the fields,

and the locations of the maxima. Miller et al. (2010) de-

scribe the improvements in integrated forecast system

(IFS) skills during the last resolution increase performed

with the global model at the European Centre for Me-

dium-Range Weather Forecasts (ECMWF).

Various studies have identified the need for good

spatial resolution of the storm to get the maximum wind

correct (e.g., Cavaleri 2009) in order to get accurate wave

forecasts. Apart from the correct value of the mean wind

speed, it is also important to get the correct gustiness,

which is the turbulence in the wind because of the fric-

tion in the surface boundary layer. Typical monthly root-

mean-square (RMS) errors in theU.K. operational storm

surge model are of the order 0.1m, but maximum in-

stantaneous errors can be as large as 0.5m (Wortley et al.

2007). Whether this reflects a deficiency in the physics

of the surge model or a natural limit of predictability

because of the resolution (0.118) of the atmospheric

model is unclear. The recent works of Maskell (2012)

and O’Neill et al. (2012) highlight the need for high-

resolution surface forcing for accurate Irish Sea modeling.

Increased resolution requires the use of topography

maps of#1-km resolution and also resolves extra physical

processes that are parameterized in coarser models. But

what effect does the use of higher-resolution topography

have on the smaller-scale meteorological features and

thus the ocean? TheWeather Research and Forecasting

(WRF) model has been used to simulate coastal mete-

orology in several regions (Caldwell et al. 2009; Jorba

et al. 2008; Floors et al. 2011) with Jorba et al. (2008)

highlighting problems with the model when simulating

complex terrain and coastal areas, which will also be

discussed in the present work. One of the issues for

numerical weather prediction is the downscaling of global

model predictions to regional and local scales via model

nesting. This approach must simultaneously predict both

global and synoptic weather patterns (which have scales

of the order of 1000km) and also downscale these to yet

finer scales. A two-way coupling between the model nest

levels also permits feedback from the small to the large

scales. However, a discussion of the impact of usingWRF

for precipitation modeling within a climate model system

is given by Bukovsky and Karoly (2009), which suggests

that the two-way feedback may not be beneficial.

The body of evidence supporting coupled ocean–

atmosphere modeling has been steadily growing (Hodur

1997; Seo et al. 2007; Warner et al. 2008, 2010; Bertotti

et al. 2012). Each component of a coupled atmosphere,

hydrodynamic, and wave modeling system needs to be

well understood and validated; otherwise, errors can

propagate from one system to another. The oceanmodel

depends on outputs from the atmospheric model as a

driver and receives wind speed and direction, sea level

pressure, temperature, humidity, cloud cover, and evap-

oration minus precipitation rate from the meteorological

model. There is also scope for including feedbacks from

ocean to atmosphere; the most important fields to con-

sider are sea surface temperature, relative wind speed,

and sea state. Relative wind speed has already been

included in the Proudman Oceanographic Laboratory

Coastal Ocean Modeling System (POLCOMS)–Wave

Model (WAM; Osuna and Wolf 2005), and wave-based

surface roughness was included in POLCOMS by Brown

and Wolf (2009). The impact of sea surface temperature

on the atmosphere has been investigated by many au-

thors (e.g., Seo et al. 2007) and found to have important

effects on surface wind and heat fluxes.

The objective of this work is to study the impact of

using high-resolution modeling on 1) coastal meteorol-

ogy and 2) the response of the coastal ocean to high-

resolutionmeteorology, as well as increased oceanmodel

resolution. As a test bed, the coastal area of the eastern

Irish Sea including Liverpool Bay is targeted. The Irish

Sea is subject to severe winter storms, with the Isle of

Man experiencing around 10–15 days of gale per year

(MetOffice 2013).Winds have an annual average surface
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speed of 5m s21, but in severe storms (e.g., January

2012) the maximum gust speed at Liverpool can exceed

30m s21. These winds are associated with the right rear

quadrant of midlatitude depressions, which track across

the United Kingdom from the North Atlantic (Brown

et al. 2010a,b). The coastal zone is dominated by tur-

bulent flows, often thermally driven by sharp gradients

at the coastline. Liverpool Bay is exposed to the pre-

vailing southwesterly winds and depressions moving

across theUnitedKingdom fromwest to east. The coastal

zone is well monitored, as it is also known to be at risk

from coastal flooding (Wolf 2008). This paper begins by

detailing the components of the modeling system used

and describes the model configurations in section 2. In

section 3, the study period is outlined. In section 4, re-

sults from the meteorological model are presented and

assessed at several observational stations. The meteo-

rological model outputs were used to drive the coupled

ocean model applied to the study area of Liverpool Bay.

Section 5 assesses the performance of the ocean model,

evaluating wave conditions and coastal surge elevations.

The main findings are discussed in section 6 with sug-

gestions for future work in section 7. Finally, the work is

summarized in section 8.

2. Methods

Three well-established models have been used: an

ocean basin–scale spectral wave model, which has been

coupled with a 3D tide and surge model, POLCOMS

(Osuna and Wolf 2005). For the atmospheric modeling,

a version of the Advanced Research Weather Research

and Forecasting model (ARW-WRF v3.2; Michalakes

et al. 2004; Skamarock et al. 2008), hereafter referred to

as WRF (detailed in section 2a), is used. The outputs

from the meteorological model were used to drive both

oceanmodels (detailed in section 2b) at a range of spatial

resolutions. The model coupling presented in a flowchart

in Fig. 1 shows the variables shared between models.

Currently, the coupling is performed ‘‘offline’’ with the

atmospheric model being run first, then passing fields to

the ocean models. A long-term aim for this system would

be to run the models concurrently, passing variables be-

tween the ocean and atmospheremodelsmore frequently

and creating a tighter coupling. To analyze the model

performance the coefficient of correlation (R2), RMS

error, and percentage model bias (Pbias), defined as

Pbias5 100

�
N

n51

(Mn2Dn)

�
N

n51

(Dn)

, (1)

will be calculated. The model prediction is represented

byM,D represents the measured data, andN is the total

number of data points used to calculate the cost func-

tion. The RMS presents an absolute error for the model

data, R2 is an indicator of how much of the variance is

explained by the correlation, and Pbias provides a mea-

sure of whether the model is systematically over or un-

der predicting the measured data. As a measure of

goodness of fit, a cost function (CF) is also defined, as

CF5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Ns2
D

�
N

n51

(Mn 2Dn)
2 ,

vuut (2)

where sD represents the standard deviation of the data.

For all statistical calculations, hourly data are extracted

from the model throughout the 9-day study period,

giving a pool of 216 points. The observational data

ranges in temporal resolution between 10min (at the

wind farm and coastal sites) to hourly at the inland sites.

a. Meteorological modeling

The meteorological model (WRF; Skamarock et al.

2008) was run for the 9-day study period, reinitializing

themodel from global data daily to avoid excessive drift.

As well as being run at different model resolutions,

WRF was run in a one- and two-way nested configura-

tion. Model nesting helps with the evaluation of small-

scale processes within the larger-scale flow. The physical

parameterizations used are the Yonsei University plan-

etary boundary layer model (Hong et al. 2006), WRF

single-moment 3-class microphysics scheme (Dudhia

1989; Hong et al. 2004), Kain–Fritsch cumulus scheme

(Kain 2004), the Noah land surface model (Ek et al.

2003), Rapid Radiative Transfer Model for longwave

radiation (Mlawer et al. 1997), and the Dudhia scheme

for shortwave radiation (Dudhia 1989).

Boundary conditions are supplied at 6-hourly intervals

from the global analyses model [National Centers for

FIG. 1. Model schematic showing components in gray boxes and

variables passed in black arrows. Some potential pathways for fu-

ture work are shown by dashed lines.
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Environmental Prediction Final (NCEP FNL)] at 18 3 18
spatial resolution. The model is run for 12 h to spin up

the outer domain and then for a further 24 h to produce

output data. The atmospheric planetary boundary layer

was represented by 12 sigma levels below the 850-hPa

level, with the lowest level set at 38m AGL. Authors

consider that such vertical configuration can correctly

reproduce atmospheric dynamics in a complex coastal

area. Marrero et al. (2009) found a lack of sensitivity by

increasing the vertical levels from 31 to 61 in their case

study in similarly stormy conditions and very complex

topography (Tenerife). The meteorological model is

configured with 32 vertical sigma levels, and the top of

the atmosphere is set as 50 hPa. The atmospheric plan-

etary boundary layer was represented by 12 sigma levels

below the 850-hPa level, with the lowest level set at 38m

AGL. It should also be noted that Marrero et al. (2009)

found a lack of sensitivity to the number of vertical levels

in their case study, a similarly stormy environment.

The model resolution increases from 12 km in the

outer domain to 4 km in the intermediate and 1.33 km

in the finest domain. The resolution of the underlying

terrain is also increased from 0.1668 in the 12-km model

(WRF1) to 2min in the 4-kmmodel (WRF2). The highest-

resolution meteorological model (WRF3) uses a terrain

resolution of 30 s.

b. Ocean modeling

For the ocean component of this study the POLCOMS

(Holt and James 2001) is used, coupled with the third-

generation spectral wave model (WAM; Komen et al.

1994), modified for shallowwater (Monbaliu et al. 2000).

A 1.8-km Irish Sea (IRS) domain is used, as previously

described in Brown et al. (2010a). The extent of this and

all outer model domains are plotted in Fig. 2a. For all

model domains, a minimum water depth of 10m was

imposed to avoid the implementation of wetting and

drying at the coast. The outer model was used to gen-

erate tide and surge boundary conditions for the Irish

Sea model.

To initialize the ocean models, a few days to a week

is required for spinup. The previous month (November

2006) was available from another study and the ocean

model was initialized using this data. As the meteoro-

logical model was not run for this spinup period, another

atmospheric dataset was needed to force the ocean over

this spinup period. The Met Office northwest European

continental shelf (mesoscale) model with a resolution

of ’0.118 was used to drive the November simulation.

Once spun up, the ocean models were then forced with

the 9 days of output from the WRF model. The ocean

modeling component was forced at the open boundary

with an northeast Atlantic (NEA) wave model and a

15-constituent tidal model.

TheNEAmodel is forcedwith 6-hourly 40-yrECMWF

Re-Analysis (ERA-40) winds and pressure data at a

18 resolution, provided by the European Centre for

Medium-Range Weather Forecasts. This is usually nec-

essary to provide incoming swell waves, although in our

study region Liverpool Bay is not significantly affected

by swell (Wolf et al. 2011). To force the local ocean

model, a mean sea level pressure and 10-m wind are

FIG. 2. Extent of the (a) model domain nests used and (b) validation sites used. In (b) the location of several

validation points are marked; buoys are circles, tide gauges are triangles, and meteorological stations are marked

with squares. The line taken by the vertical sections in Fig. 5 is plotted as a thick dashed line in (b).
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derived from the meteorological model output. Both

one- and two-way nested meteorological model config-

urations at 12- and 4-km resolution were used to force

the ocean models. The effect of variable ocean model

resolution was investigated as well as atmospheric

model resolution. The performance of the wave and

surge models is assessed in section 5 at both 12- and

1.8-km resolution.

3. Study period

On the northwest European continental shelf the

largest wind speeds are associated with midlatitude de-

pressions (otherwise known as extratropical cyclones)

typically tracking across the United Kingdom from

southwest to northeast. Surges are largest where these

storms impact large areas of shallow continental shelves

and determination of coastal wind stress is critical (Wolf

2009). As a case study, a 9-day period at the beginning

of December 2006 was chosen (from 1 to 9 December).

At this time a storm event crossed the northern British

Isles. From the synoptic point of view, this period is

dominated by three low pressure systems (LPSs) af-

fecting the area of study. The three LPSs arrived at

the Liverpool Bay buoy at 1200 UTC 3 December

2006, 0000 UTC 5 December 2006, and 2300 UTC

7 December 2006, respectively. The synoptic situa-

tion is presented in Fig. 3, which shows modeled sea

level pressure and an Advanced Very High Resolution

Radiometer (AVHRR) image taken at 1200 UTC

3 December 2006. The trajectories of the first two storms

are from west to east, producing strong southwesterly

winds (20–15m s21). The third system has weaker

winds (10 m s21), mainly northwesterly. The period is

characterized by synoptic southwesterly winds through

the lower troposphere.

4. Meteorological model results

In this section, the wind field results are evaluated

against surface observations. Model results are com-

pared against observations at five offshore, four coastal,

and three land-based stations (Fig. 2b). Three repre-

sentative stations are selected to analyze the evolution

of the winds for the period of study:

d Gwynt-y-mor: This station is located at the site of

a proposed wind farm 18km off the northern Wales

coast. The offshore location represents a flat surface

with homogeneous surface conditions.
d Hilbre Island: This is a coastal station located on a

small island (80 3 500m) of elevation 6m located

around 2 km offshore in the mouth of the river Dee.

This station is expected to be significantly influenced

by the changes in surface properties from land to sea.
d Dunkeswell Aerodrome (Devon): This station is lo-

cated inland around 20km from the coast with an

elevation of 252m. Dunkeswell is situated in a flat land

area surrounded by homogeneous smooth topography.

Figure 4 shows wind speed time series of the two-way

nested configuration at the three selected sites com-

pared with observations. The dots represent observa-

tions and the different lines are the model results for

the WRF1, WRF2, and WRF3 domains. The offshore

location Gwynt-y-mor (Fig. 4a) results show a good

agreement with observations (with themodel explaining

between 0.57 and 0.67 of the wind speed variability).

Some overestimation is observed during low wind

FIG. 3. (a) Sea level pressure (colors) and 10-m winds (vectors) from the 12-km WRF model and (b) an infrared

AVHRR satellite observation for a snapshot during the study period 1200 UTC 3 Dec 2006, courtesy of the Natural

Environment Research Council (NERC) Satellite Receiving Station, Dundee University, Scotland.
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episodes, but the strong wind conditions are well cap-

tured with the maximum bias remaining below 2m s21

throughout most of the simulation period. There is no

consistent difference between the model outputs at dif-

ferent resolutions. At the coast, the modeled wind speed

atHilbre Island capturesmore than half of the variability,

but the model slightly overestimates the observations

(Fig. 4b). The increase of resolution helps to reduce the

overestimate of these peaks. Inland, at Dunkeswell the

homogeneous and relatively smooth topography ex-

plains the fact that there are no significant differences

between the different model resolutions (Fig. 4c).

The selected stations are located within all WRF do-

mains (plotted in Fig. 2) of the meteorological simula-

tion, and thus, meteorological results at different horizontal

resolutions can be compared. The model explains be-

tween 0.48 and 0.55 of the wind speed variability at all

sites. When results from two-way versus one-way cou-

pling were compared, the models behaved very sim-

ilarly, with a maximum difference in wind speed of

0.05m s21; so for the remaining comparison only the

two-way nested results will be described in detail.

When moving from 4- to 1.33-km resolution, wind speed

correlations were not seen to improve significantly. The

NCEP FNL (run at 18) is probably too coarse a resolu-

tion to downscale as far as 1.33 km, and therefore results

from the two coarser (12 and 4 km) domains will be the

focus of the paper.

Tables 1, 2, 3, and 4 present a quantitative evaluation

of the wind speeds and directions compared with data

for a total of 12 sites, including the three detailed in

Fig. 4. Biases for wind speed are presented in Table 5.

The inland points give consistent results for different

model resolutions, and this is reflected in the R2

values, with the RMS errors neither improving nor

deteriorating with a higher resolution. The wind speeds

over land are consistently underpredicted (226.1% on

average) with negative Pbias seen at all model sites and

all resolutions. The coastal sites at Hilbre Island and the

Isle of Man are less well correlated but are slightly im-

proved on moving from 12- to 4-km resolution. The

absolute errors are actually smaller than those seen in-

land (mean coastal RMS error 2.8 versus land RMS er-

ror 4.1), but the model biases are more variable with

both under- and overprediction of wind speeds seen,

which is thought to be caused by poor resolution of

the coastline. The worst correlations are found with the

buoy stations. However, the Gwynt-y-mor site (which is

also offshore) has a much better value ofR2 because it is

recorded at a fixed mast. This is reflected in the model

biases as well, where Gwynt-y-mor has more in common

with the coastal stations. Modeled wind speeds at buoy

sites are predicted to be up to 50% smaller than those

observed in the data, while at Gwynt-y-mor the bias is

reduced to 15%. The poor result offshore compared

to buoy observations may be because of a discrepancy

between the heights at which data are collected and the

uncertainties associated with buoy data (Pickett et al.

2003). The Irish Marine Institute buoys (M2 and M5)

record data at 4.5m above the sea surface. However,

these observations are then being compared directly

with winds modeled at 10m above the sea surface.

When the spatial resolution is increased in coastal

areas, two obvious improvements are observed. First,

it helps to better characterize the coastline. The sharp

transition in bottom roughness when moving from land

to sea cannot be captured at low spatial resolution.

Second, lower resolution implies a smoothing of the

orography and an underestimation of the roughness of

the surface. Both aspects are exemplified in Figs. 5d, 5e,

and 5f, where the increase of the resolution helps to

realistically define orography. Figures 5a, 5b, and 5c

show vertical cross sections of the wind speed at Hilbre

Island for the first storm event (0800 UTC 3 December)

at the three spatial resolutions. Over the Irish Sea, west

of 5.08W (not shown), no significant differences are

FIG. 4. Time series of modeled wind speed from two-way nested

WRF simulations, at (a) Gwynt-y-mor wind farm, (b) Hilbre, and

(c) Dunkeswell. The time series cover the full study period 1–10

Dec 2006. Note different scales for wind speed are used to best

display the variability at each site.
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observed between model resolutions. From west to east,

over the Irish Sea (5.58–4.58W), no significant differ-

ences are observed betweenmodel resolutions. Over the

coastal area in northern Wales (4.58–3.08W) more dif-

ferences are observed. As summarized earlier, this pe-

riod is characterized by southwesterly winds and this

area is leeward of the Welsh mountains. The increase in

resolution allows better reproduction of the influence of

the orography and higher wind speeds are observed. For

Liverpool Bay (3.08W), atmosphere–land interactions

produce a reduction of the wind velocity that is well

observed with the increase of the resolution. Over land

(3.08–2.58W), despite this being a very flat area, oro-

graphic influences are observed when increasing the

spatial resolution, with the development of wake areas

and gravity waves (not shown). Such vertical structures

strongly contribute to the high winds developed within

the area.

The mean absolute error in the wind speeds consid-

ering all 12 sites is 3.60m s21 (see Table 3). This is a

complex coastal area and so model results are typically

less accurate than those seen over open water. This value

is in good agreement with previousmodeling studies (e.g.,

Floors et al. 2011).

Modeled wind direction was also considered, with

values forR2 andRMS error presented in Tables 2 and 4,

respectively. All model resolutions at the three study

sites found too wide a spread of wind directions when

compared with observations. This spread was reduced

somewhat when moving to a higher resolution. In the

observed winds, southeasterly winds were seen to be

‘‘funneled’’ by theDee estuary. However, this signal was

not observed at any resolution in the model simulations

of this study. Wind directions are better correlated than

wind speeds at all sites, with an average of 0.73 for di-

rection compared with 0.52 for speeds (across all model

TABLE 1. The R2 values for wind speed (m s21) at 12 observation sites at three different resolutions, comparing one- and two-way model

coupling. The land sites are italicized, sea sites are in bold, and coastal points are unhighlighted.

Location 12 km 4km 1.33 km 12 km 4km 1.33 km

Resolution Lat 8N Lon 8E Two-way One-way

Dunkeswell 50.87 23.23 0.64 0.68 — 0.69 0.64 —

Cairnwell 56.88 23.42 0.47 0.54 — 0.52 0.55 —

Shobdon 52.25 22.88 0.57 0.56 0.51 0.61 0.64 0.64

Hilbre 53.38 23.23 0.47 0.54 0.53 0.55 0.56 0.56

Squires Gate 53.77 23.03 0.66 0.67 0.64 0.66 0.73 0.64

St Bees Head 54.52 23.63 0.57 0.66 0.66 0.70 0.69 0.66

Isle of Man 54.08 24.63 0.48 0.55 0.54 0.49 0.53 0.55

Gwynt-y-mor 53.48 23.51 0.57 0.67 0.65 0.59 0.67 0.63

M2 53.48 25.43 0.32 0.45 0.31 0.47 0.45 0.32

M3 51.26 210.55 0.37 — — 0.41 — —

M4 55.00 210.00 0.41 — — 0.56 — —

M5 53.07 25.88 0.31 0.32 0.32 0.39 0.42 0.37

Average 0.48 0.55 0.52 0.50 0.52 0.55

TABLE 2. The R2 values for wind direction at 12 observation sites at three different resolutions, comparing one- and two-way model

coupling. The land sites are italicized, sea sites are in bold, and coastal points are unhighlighted.

Location 12 km 4km 1.33 km 12 km 4km 1.33 km

Resolution Lat 8N Lon 8E Two-way One-way

Dunkeswell 50.87 23.23 0.47 0.74 — 0.68 0.67 —

Cairnwell 56.88 23.42 0.54 0.76 — 0.76 0.75 —

Shobdon 52.25 22.88 0.54 0.60 — 0.56 0.56 —

Hilbre 53.38 23.23 0.65 0.86 0.85 0.86 0.87 0.84

Squires Gate 53.77 23.03 0.76 0.84 0.83 0.85 0.87 0.83

St Bees Head 54.52 23.63 0.71 0.83 0.83 0.86 0.86 0.84

Isle of Man 54.08 24.63 0.39 0.65 0.65 0.62 0.62 0.67

Gwynt-y-mor 53.48 23.51 0.65 0.90 0.90 0.88 0.88 0.89

M2 53.48 25.43 0.88 0.84 0.68 0.75 0.88 0.70
M3 51.26 210.55 0.66 — — 0.45 — —

M4 55.00 210.00 0.85 — — 0.82 — —

M5 53.07 25.88 0.76 0.55 0.51 0.61 0.64 0.57
Average 0.64 0.76 0.75 0.73 0.76 0.76
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configurations). The reason that wind direction is better

correlated than speed is because during a storm the

synoptic pattern is dominating the flow and large-scale

features are driving the wind direction. The opposite is

true during the summer, whenwind speeds are generated

by more localized pressure gradients. The best agreement

was found offshore at Gwynt-y-mor, where the model is

able to explain 90% of the variability in wind direction.

The RMS error in wind direction averaged around 308,
with the smallest errors found at the offshore sites (at

Gwynt-y-mor the error was as small as 158). Increased
model resolution reduced the error by up to 88, with the

best improvements seen at the coastal sites.

The Pbias [Eq. (1)] was also calculated for wind di-

rection at all sites. M2 andM5 see a positive bias of 15%

and 17%, respectively. The best agreement is seen off-

shore atGwynt-y-mor with a bias of26%; this is also the

site where the wind speeds were in best agreement. In-

land at Dunkeswell, a directional bias of 213% is seen.

The largest error is seen, as for the wind speeds, at

Hilbre Island. Here a bias of 125% is observed. A sys-

tematic bias in the wind speed is observed inland, but

this shortcoming should not impact our use of WRF as

an ocean surface boundary forcing.

To summarize the meteorological model results,

WRF was found to best simulate wind speed and direc-

tion when running at a 4-km resolution, with large errors

at coastal points becoming reduced at a higher resolu-

tion. The increase of resolution is required in coastal

areas where the land–atmosphere–ocean interactions

become crucial.

5. Ocean model results

a. Waves

The POLCOMS–WAM model has been validated

for this area in previous studies to investigate surge

TABLE 3. RMS error values for wind speed (m s21) at 12 observation sites at three different resolutions, comparing one- and two-way

model coupling. The land sites are italicized, sea sites are in bold, and coastal points are unhighlighted.

Location 12 km 4km 1.33 km 12km 4km 1.33 km

Resolution Lat 8N Lon 8E Two-way One-way

Dunkeswell 50.87 23.23 3.50 3.26 — 3.24 3.47 —

Cairnwell 56.88 23.42 4.24 3.92 — 4.03 3.91 —

Shobdon 52.25 22.88 4.38 4.44 4.66 3.99 4.19 3.99

Hilbre 53.38 23.23 1.40 1.31 1.31 1.65 1.61 1.75

Squires Gate 53.77 23.03 4.59 4.53 4.75 4.64 4.13 4.72

St Bees Head 54.52 23.63 2.46 2.18 2.17 3.97 4.07 4.28

Isle of Man 54.08 24.63 2.98 2.75 2.79 2.94 2.82 2.76

Gwynt-y-mor 53.48 23.51 2.77 2.44 2.50 2.58 2.42 2.79

M2 53.48 25.43 3.41 3.15 3.17 3.15 3.14 3.15

M3 51.26 210.55 5.30 — — 5.11 — —

M4 55.00 210.00 4.84 — — 6.29 — —

M5 53.07 25.88 6.25 6.26 6.26 5.17 4.91 5.17

Average 3.84 3.42 3.45 3.90 3.47 3.58

TABLE 4. RMS error values for wind direction (8) at 12 observation sites at three different resolutions, comparing one- and two-waymodel

coupling. The land sites are italicized, sea sites are in bold, and coastal points are unhighlighted.

Location 12 km 4km 1.33 km 12km 4km 1.33 km

Resolution Lat 8N Lon 8E Two-way One-way

Dunkeswell 50.87 23.23 34.39 20.74 — 23.66 23.14 —

Cairnwell 56.88 23.42 47.34 32.62 — 33.42 33.54 —

Shobdon 52.25 22.88 39.16 23.85 — 27.40 26.78 —

Hilbre 53.38 23.23 34.95 23.27 23.01 24.69 23.27 24.48

Squires Gate 53.77 23.03 39.79 31.54 31.87 31.96 31.35 31.88

St Bees Head 54.52 23.63 28.19 19.55 20.00 19.30 18.32 19.87

Isle of Man 54.08 24.63 35.65 22.97 23.12 24.04 23.80 22.11

Gwynt-y-mor 53.48 23.51 26.50 14.21 13.92 15.27 15.21 14.90

M2 53.48 25.43 19.52 16.16 22.98 20.89 14.68 22.34
M3 51.26 210.55 27.49 — — 33.54 — —

M4 55.00 210.00 26.18 47.37 — 23.17 46.12 —

M5 53.07 25.88 25.84 30.01 31.65 28.94 26.82 29.28
Average 32.08 25.66 23.79 25.52 25.73 23.55
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elevations and wave–current interaction (Brown et al.

2010a). The aforementioned study used meteorological

forcing from the Met Office northwest European con-

tinental shelf (mesoscale) model with a resolution of

12km, and their model configuration was used as a start-

ing point for this work. Brown et al. (2010a) found a cost

function CF [Eq. (2)] less than 0.6, with Pbias [Eq. (1)]

generally less than 30% and often less than 10% for

POLCOMS. For WAM, a CF less than 0.7 is found for

significant wave height and Pbias is less than 38%. Less

than 10% is thought to be excellent, and 20%–40% is

good. Brown et al. (2010b) also assessed the wavemodel

TABLE 5. Pbias for wind speed (m s21) at 12 observation sites at three different resolutions, comparing one- and two-way model coupling.

The land sites are italicized, sea sites are in bold, and coastal points are unhighlighted.

Location 12 km 4km 1.33 km 12km 4km 1.33 km

Resolution Lat 8N Lon 8E Two-way One-way

Dunkeswell 50.87 23.23 219.71 220.62 — 218.23 221.45 —

Cairnwell 56.88 23.42 246.93 246.34 — 243.33 244.94 —

Shobdon 52.25 22.88 218.36 219.37 220.00 210.82 213.87 —

Hilbre 53.38 23.23 61.37 28.71 30.92 65.04 34.74 45.58

Squires Gate 53.77 23.03 247.73 246.75 247.83 245.04 245.96 254.71

St Bees Head 54.52 23.63 10.76 7.34 13.29 15.80 9.37 22.10

Isle of Man 54.08 24.63 14.59 17.00 17.29 22.64 22.23 22.09

Gwynt-y-mor 53.48 23.51 14.05 16.57 16.96 18.72 16.37 15.70

M2 53.48 25.43 252.03 247.95 247.77 250.72 250.90 251.67

M3 51.26 210.55 246.36 — — 245.97 — —

M4 55.00 210.00 239.61 — — 239.09 — —

M5 53.07 25.88 241.13 241.27 241.26 240.88 241.55 241.11

Average 217.59 215.27 24.64 214.32 213.60 20.11

FIG. 5. Vertical sections of wind speed (m s21) taken at 53.38288N, a section through Hilbre Island: (a) 12, (b) 4, and (c) 1.33 km. These

sections were taken at 0800 UTC 3 Dec 2006. (d)–(f) The corresponding terrain height (m) at each model resolution, with the section

marked with a dashed line.
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hindcast performance at the Liverpool Bay buoy in

2006, finding a correlation of 0.93 with an RMS error of

0.38m. The ocean wave and surge models were run in

the same configuration several times but forced with

different meteorological model outputs. Initially, the

12-kmWRF model was used to force both ocean model

resolutions, but the 4-km resolution WRF outputs were

also tested to drive the 1.8-km ocean model. Outputs

from both one- and two-way WRF configurations were

also tested as forcings for the ocean models.

To assess the performance of the ocean models, ob-

servations from buoys and tide gauges have been used;

a summary map of their locations is shown in Fig. 2b.

Two nearshore WaveNet buoys in shallow water, Liv-

erpool Bay (22m) and Bristol Channel (28m), are com-

pared in Fig. 6, with two Irish Marine Institute buoys

in deeper water, M2 (81m) and M5 (74m). Time se-

ries at the four sites are plotted, and some statistical

analysis is summarized in Table 6. The wave conditions

are well captured at all sites at both model resolutions

with the models explaining 0.68 of the variability on

average.

The wave height (Hs) is consistently overpredicted,

particularly at Liverpool Bay in the 12-km continental

shelf (CS3) ocean model where the average error is

87 cm, reducing to 41 cm in the finer model. In the Bristol

Channel Hs is overpredicted by 93 cm in the coarse

model, reducing to 51 cm in the IRS 1.8-km oceanmodel.

This overprediction is related to the forcing, as the nearby

wind speeds are also overpredicted (the Liverpool Bay

buoy is very close to Hilbre Island). Offshore, the biases

are reduced, with M5 overpredicted by 69 cm in the

12-km CS3 and by 43 cm in the finer IRS model. M2 is

overpredicted by 53 cm at 12-km resolution and 27 cm

in the 1.8-km model. The largest overprediction, and di-

vergence betweenmodels, is seen in Liverpool Bay.Wolf

et al. (2011), who use the same model configuration de-

scribed here, also find the 1.8-km Irish Sea model un-

derestimates the wave height in Liverpool Bay. They

attribute this effect to an underestimate in model wind

speed used as a forcing, which agrees with the findings of

this study.

Next, the effect of running the same ocean model with

variable-resolution atmospheric forcing is considered

(Fig. 7). There is very little pointwise difference seen in

simulated wave height (e.g., at the Liverpool Bay buoy

the wave heights have a correlation of 0.97). When

contrasting one-way and two-way nesting (Fig. 7b), little

change is seen in the pointwise significant wave height

(with a correlation of 93% Liverpool Bay); again the

data from Liverpool Bay are shown. Figure 8 shows

results from the high-resolution (1.8 km) wave model

compared with those from the 12-km model. In all cases

the modeled approach direction of the waves is found

to be too much north of west. On increasing the model

resolution, the spread of wave directions is focused to

a narrower band, bringing the models closer to obser-

vations. At the Liverpool Bay site the spurious south-

westerly waves were also reduced at a higher resolution.

A bias was observed in the model wind roses (not shown)

being rotated anticlockwise (i.e., toomuch from the north

TABLE 6. The R2 values, Pbias, and cost functions for significant

wave height at four study sites at two different ocean model reso-

lutions.

Resolution 12 km (CS3) 1.8 km (IRS)

Location

Water

depth R2 Pbias CF R2 Pbias CF

M2 81m 0.5224 8.91 0.81 0.8209 11.13 0.86

M5 74m 0.6325 9.43 1.23 0.5344 4.33 1.33

Liverpool Bay 22m 0.4004 54.33 1.53 0.8091 18.96 0.71

Bristol Channel 28m 0.8615 17.07 0.80 0.8392 16.11 0.96

FIG. 6. Time series of significant wave height at four buoys in

the Irish Sea comparing (a) M5, (b) M2, (c) Liverpool Bay, and

(d) Bristol Channel. The 12-km (solid line) and 1.8-km model

(dashed line) are compared with observations (points). In both

cases, the 12-km resolution WRF output was used as atmospheric

forcing, while the ocean model configuration remains constant.
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when they should be northwesterly). This is particularly

seen at Hilbre Island, though it is lessened at a higher

resolution. This further supports the use of the higher-

resolution meteorological forcing for wave modeling.

A map of differences in wave heights in response to

different resolutions of meteorological forcing is plotted

in Fig. 9. The significant wave height is seen to increase

(on average 7 cm) over the majority of the Irish Sea

when the 4-km fields are used in place of the lower-

resolution 12-km forcing. The modeled wave direction

was also found to be sensitive to atmospheric model

resolution. The impact on wave direction is more com-

plicated than the direct effect of wind direction. In open

water little difference is seen (Fig. 9; northward pointing

vectors imply zero difference). Large directional dif-

ferences (up to 388) are seen in the eastern Irish Sea, in

areas sheltered from the prevailing southwesterly winds.

Wave directions are rotated in an anticlockwise direc-

tion by an average 58 when moving from 12- to 4-km

resolution.

b. Surges

The ocean model was next used to calculate storm

surge elevation at four sites. The modeled surge is sen-

sitive to atmosphere–wave interaction; this effect has

previously been discussed by Brown and Wolf (2009).

Various methods of representing wave-generated sur-

face roughness can be used in POLCOMS–WAM.Waves

are effectively implicitly parameterized by using the for-

mulation of Smith and Banke (1975), in which the drag

coefficient increases with wind speed (though this was

found to underestimate the wind stress). The Charnock

formulation with a constant Charnock parameter is

now commonly used in operational surgemodeling (e.g.,

Williams and Flather 2000) giving a larger stress but

requiring the Charnock parameter to be tuned to give

optimum surge results. The coupled modeling system

has the capability to include the waves explicitly in the

surge model, using a dynamic two-way coupling. In this

study, both methods were tested. In the 12-km ocean

model, a constant Charnock parameter was implemented

with a value of 0.0275, while in the 1.8-km-resolution

model both a constant Charnock parameter of 0.0185 and

a wave-related roughness were used. The modeled surge

elevation was found to be sensitive to the way in which

waves are represented by themodel. This in turn suggests

that the optimum drag coefficient may also vary with

resolution, agreeing with the earlier findings of Brown

and Wolf (2009).

Figure 10 shows modeled and observed surge eleva-

tions for four sites around Liverpool Bay. For the model

runs shown, a Charnock parameterization was used in

both cases. This result shows the sensitivity of the mod-

eled surge to the ocean model component of the coupled

system, as the meteorological forcing used was the same

in these cases. Both the 12- and 1.8-km ocean models

capture the variability of the observed surge, with the

12-km model overpredicting the surge elevation at all

sites. The 1.8-kmmodel is less consistent, overpredicting

some surges andmissing others. One obvious shortcoming

was the overprediction of a large positive surge at all

gauge sites at 0600 UTC 5 December 2006.

When run with a constant Charnock parameter, the

1.8-km model has a poorer R2 correlation than that of

FIG. 7. Significant wave height at the Liverpool Bay buoy in the 1.8-km IRS ocean model comparing (a) one-way vs

two-way coupling of meteorological model and (b) 12- and 4-km winds.
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the 12-km model (Table 7). Next, the wave model two-

way coupling was tested in the 1.8-km ocean model.

Adding the explicit representation of surface waves

deteriorates the surge prediction in this case. Finally,

surge model sensitivity to variable-resolution meteoro-

logical forcing was tested. The results from these ex-

periments are not plotted, as little effect was seen: 12-

km- and 4-km-resolution forcing were compared, giving

virtually identical modeled surges. When the one-way

nested meteorological model was applied at 12 and 4km

all surges remained within less than 0.5% of each other,

and the two-way nested simulations were within 0.4% of

each other. This may be because the local water level is

governed equally by the incoming surge from the

boundary and local atmospheric pressure, while the wave

field is controlled by local winds.

FIG. 8. Wave roses from (a),(c),(e) Liverpool Bay and (b),(d),(f) the Bristol Channel from the 12-km ocean model in

(a) and (b) and the 1.8-km ocean model in (c) and (d). Compare with observations from wave buoys in (e) and (f).
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c. Communication and coupling

By combining results from the wind, wave, and cur-

rent models (normalized by their own means) in Fig. 11,

we see how closely they are related. The calculation of

a correlation between the modeled wind and wave time

series gives R2 5 0.68; between wave and surge the re-

lationship isR25 0.66 andR25 0.50 for wind and surge.

The timings of peak events are also closely related,

though some time lag can be seen. The peaks in wave

height occur on average 5 h behind those of the wind

field, while the surge model peaks on average 10 h later

than the maximum winds. The variability of the wind

field is less than that seen in the wave field, which is in

turn less variable than the surge elevation.

So far the components of atmosphere and ocean have

been considered separately but this is a little artificial

as the meteorology is driving the ocean processes, and

there are feedbacks. Running both model components

locally gives the opportunity to specify the frequency of

communication. In this study a fast (hourly) transfer of

information from atmosphere to ocean was chosen.

In operational modeling (e.g., Williams and Horsburgh

2010; You et al. 2010), 3-hourly winds are commonly

used, which may not see such close correlation between

the atmosphere and ocean as found here. Sensitivity to

the frequency of meteorological forcing was tested in

this configuration at 1-, 3-, 6-, and 12-hourly rates (not

shown). Lower wave heights were found when applying

lower-frequency wind forcing. Changing the forcing fre-

quency from 1- to 3-hourly rates decreased the modeled

wave height: the mean was reduced by around 4 cm and

the maximum by 13 cm. When the frequency was further

reduced (to 12 hourly), the significant wave height was

decreased by a maximum of 2m in the interior of the

southern Irish Sea.

6. Discussion

The largest differences betweenmodeled atmospheric

wind speeds and directions, attributed to model resolu-

tion, are seen in the coastal zone. A likely reason for

this difference is the representation of the coastline, as

shown in Figs. 5d, 5e, and 5f. When the resolution of the

atmospheric model is increased, the underlying terrain

map also becomes more detailed. In the 12-km model

the terrain is too smooth and slowly varying, with high

peaks and sharp vertical gradients smoothed out. On

increasing the resolution to 4 km (Fig. 5d), the coastline

becomes sharper and more recognizable, resolving An-

glesey and the Dee and Mersey estuaries. The north

Wales mountains are also closer to their true heights,

though the largest peaks are still missing. Further re-

finement in the highest-resolution domain (Fig. 5f) im-

proves the picture further, with sharp topographic gradients

generating larger pressure differences and faster winds

(Fig. 5c).

Using higher-resolution meteorological forcing to

drive the ocean model produced little impact on mod-

eled surge elevation and wave height in Liverpool Bay.

However, some structure appears in both surge and

wave responses when the differences aremapped (Fig. 9).

The largest differences in wave height (order 20 cm) are

seen in the southern Irish Sea and in confined estuaries

(in both areas, higher-resolution meteorological forcing

leads to larger wave heights). The most extreme water

levels in Liverpool Bay result from a combination of

strong southwesterly winds, high waves, and a spring

high tide. Under these circumstances, overtopping of

coastal defenses and flooding are most likely to occur

(Brown et al. 2010b).Wolf et al. (2011) found the 1.8-km

Irish Sea model underestimated the wave height in Liv-

erpool Bay, attributing this effect to an underestimate in

model wind speed used as a forcing. Directional differ-

ences of up to 388 are seen in the eastern Irish Sea in areas
sheltered from the prevailing southwesterly winds. Here,

wave directions were found to be rotated in an anti-

clockwise direction when forced by the higher-resolution

FIG. 9. Map of the mean difference in mean wave height (colors)

and direction (vectors) in the Irish Sea when forced by winds

from the 4-kmminus winds from the 12-kmWRFmodel. Themean

difference across the full 9-day period is shown. The east–west

component has been multiplied by 5 to clarify the change of

direction.
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winds. In these sheltered areas there will be little swell,

and waves will be young. It naturally follows that the

resolution of local wind forcing has the greatest impact

where waves are locally generated.

The response of waves and surge to winds is examined

in Fig. 11. The peak wave height lags peak wind speed by

approximately 5 h, with the peak surge elevation an-

other 5 h behind. Brown and Wolf (2009) found that

FIG. 10. Time series of surge elevation from four sites around the Irish Sea during December 2006. The 12-km

surge-only model, 1.8-km surge-only model, and observations are compared.

TABLE 7. The R2, Pbias, and cost functions for tide plus surge elevation at four study sites at two different ocean model resolutions. In

the models labeled ‘‘Charnock,’’ wave effects on the surface roughness are parameterized through a Charnock (1955) relation or with

a wave age related Charnock parameter (Janssen 2004).

12-km Charnock 1.8-km Charnock 1.8-km coupled

Location R2 Pbias CF R2 Pbias CF R2 Pbias CF

Liverpool 0.69 12.34 0.36 0.52 0.30 1.45 0.23 35.91 0.56

Heysham 0.73 233.35 0.43 0.47 226.11 0.50 0.13 15.39 0.55

Llandudno 0.63 226.95 0.37 0.31 223.78 0.47 0.14 22.01 0.71

Isle of Man 0.67 14.48 0.33 0.30 20.49 0.46 0.20 28.39 0.73
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during the 1977 surge event, wind stress peaks do not

coincide with the times of peak surge and that the large

tidal range in the eastern Irish Sea prevents the peak in

surge occurring at the same time as the peak in wind

stress. Instead, the maximum surge occurs on the rising

tide. In the eastern Irish Sea, where a high tidal range

and complicated coastal meteorology are combined, it is

important to accurately represent the fast changing

winds and tides with high temporal resolution. The dif-

fering response of wind, wave, and surge is also of in-

terest. In Fig. 11a, a 1% change in wind speed translates

into a 7% change in wave height and an 85% change in

surge elevation. The energy in the system cascades down

from the winds, through the waves and into the surge,

and this illustrates the importance of the atmospheric

field on driving the response of the ocean.

7. Future work

It would be interesting to extend this research into

a period where waves are fetch limited. In fetch-limited

conditions smaller wind waves are more dominant and

the ocean conditions may bemore sensitive to local winds.

The test case used for this study covered a very stormy

period, during which large waves built up over several

hours. The presence of these larger waves may obscure

any very small younger waves generated by local winds.

These large waves approached from the west, without

interruption from land. Future work could focus on

winds blowing offshore and study how waves grow un-

der these conditions.

Future model-development work should focus on de-

veloping a two-way coupling with feedbacks from ocean

to atmosphere, as the authors believe thiswould strengthen

coastal predictions (Warner et al. 2010). One drawback

of our current work is the fact that variables are passed

from the atmosphere to the ocean model but not in the

other direction. There is also much work to be done

at the atmosphere–ocean interface, improving the as-

sumptions made to derive the ‘‘10-m wind’’; but by

having control over all aspects of the coupled system,

a better representation of this boundary layer will be

possible. Bertotti et al. (2012) believe the most common

problem in wave modeling is an overestimate of the

wind speed and underestimated wave heights and sug-

gest a stronger coupling is needed between atmosphere

and ocean models.

8. Conclusions

The coupled WRF–POLCOMS–WAM modeling sys-

tem is shown to be capable of representing the Liver-

pool Bay area, capturing high winds (around 25m s21),

large waves (up to 8m), and surges (up to 1.5m) during

a simulated storm period. By increasing atmospheric

model resolution, simulated wind speeds were seen to

improve. The most notable improvement was observed

when moving from 12- to 4-km resolution with errors

in wind speed decreasing more than 10% on average.

When moving from 4 to 1.33 km, little significant further

improvement was observed in model wind speed cor-

relations, and the use of two-way nesting showed no

additional benefit.

Skill is also gained through forcing the ocean model

with higher-resolution wind and pressure fields. The use

of higher-resolution forcing was found to generally in-

crease the wave height over the Irish Sea by up to 40 cm

in places. Improved wave directions were also seen

when 4-km meteorological forcing was used, with a fo-

cusing of waves into a more realistic narrower direc-

tional band. Therewas little response seen in themodeled

surge when forced with increased resolution meteoro-

logical forcing.

This coupled modeling system is a useful test bed for

the sensitivity of a model ocean to meteorological forc-

ings. By forcing the ocean model with hourly meteorol-

ogy, response times in the coupled system can also be

observed. The ocean was found to respond sensitively to

atmospheric forcing, with signals in wind speed being

amplified in the ocean by between 7% and 85%. With

the ability to control all modules of this system, an in-

vestigation was made into the importance of model res-

olution and coastal representation on nearshore winds,

waves, and surges. This system now has potential to

generate future work on the air–sea interface and feed-

backs from ocean to atmosphere.
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