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Abstract. The sensitivity of sea breeze structure to sea sur-of geophysical factors upon which the sea breeze depends,
face temperature (SST) and coastal orography is investigatethcluding surface temperature variation, diffusion of heat,
in convection-permitting Met Office Unified Model simu- topography, acoustic wave propagation, the Coriolis force,
lations of a case study along the south coast of Englandstatic stability, and the synoptic-scale flow. In this paper we
Changes in SST of 1K are shown to significantly modify demonstrate the critical dependence of sea breeze structure
the structure of the sea breeze immediately offshore. On then sea surface temperature (SST) for a case study on the En-
day of the case study, the sea breeze was partially blockedlish south coast.
by coastal orography, particularly within Lyme Bay. The ex- The land—sea temperature difference is one of the most
tent to which the flow is blocked depends strongly on theimportant factors influencing sea breeze development, and
static stability of the marine boundary layer. In experimentswithout it the sea breeze would not form. The large amplitude
with colder SST, the marine boundary layer is more stable of the diurnal heating of the land surface is well known. How-
and the degree of blocking is more pronounced. Although aever, changes in sea surface temperature also play a strong
colder SST would also imply a larger land—sea temperaturgole in air—sea interaction (Kawai and Wada, 2007). Any vari-
contrast and hence a stronger onshore wind — an effect whichbility in the sea surface temperature (SST) over timescales
alone would discourage blocking — the increased static staef months, weeks, days and even hours impacts the atmo-
bility exerts a dominant control over whether blocking takes spheric boundary layer and may affect sea breeze formation.
place. The implications of prescribing fixed SST from clima-  Early numerical studies of the sea breeze demonstrated
tology in numerical weather prediction model forecasts ofa relative lack of sensitivity of the sea breeze to SST in
the sea breeze are discussed. low wind conditions (Segal and Pielke, 1985). Arritt (1987)
concluded that, as long as the surface layer over the wa-
ter body remains stably stratified, then the water tempera-
ture does not make a difference to the sea breeze. More re-
1 Introduction cent studies have concluded that the impact of SST on the
sea breeze is stronger than was previously thought. Kawai
A sea breeze is a mesoscale circulation driven by the differut 51, (2006) investigated the effect on the surface wind field
ential heating of land and sea surfaces. It is characterized by¢ 5 diurnal variation in SST within Mutsu Bay, Japan — a
a surface flow from the sea towards the land, and a deepegemij-enclosed sea. Diurnal SST variation is climatologically
weaker return flow aloft. Sea breezes have been extensiveIMigh in most semi-enclosed to fully enclosed seas such as the
studied worldwide due to their daily recurrence in many re- pjediterranean, the Arabian Sea, the Sea of Okhotsk and the
gions of dense human population. They are of particular in-gargasso Sea. In conditions of high insolation and weak gra-

terest to air-quality control bodies and many marine and lit-gient wind speed the diurnal amplitude of the SST in Mutsu
toral industries. Miller et al. (2003) review the large range
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Bay is large, up to 5K in some areas. Due to this, Kawai2 Methodology
and Wada (2007) estimated that the simulated heat flux from
the ocean is underestimated by an average of 10 %oy 2.1 Case study location
midday if SST is held constant. Kawai et al. (2006) ana-
lyzed SSTs from NOAA AVHRR satellite retrievals and in The analysis presented in this paper focuses on a stretch
situ buoy data and found that for over 80 % of the days be-of coastline in southern England surrounding Weymouth
tween April and September when the diurnal SST signal ex{58.62 N, 2.62 W). The coastal topography in the vicinity
ceeded 1.0K the daytime upslope wind speed remained besf Weymouth and the locations of two observational plat-
low 5.0ms 1. By comparing numerical simulations of the forms, Lyme Bay and Portland Harbour, are shown in [Eig.
sea breeze with and without a coupled mixed-layer ocearit both locations, the Channel Coastal Observatory provided
model, Kawai et al. (2006) demonstrated that, while the seavind speed and direction observations that were used in this
breeze circulation does not change structurally, the circulainvestigation to evaluate the numerical model simulations.
tion was weaker in the coupled diurnally varying SST run The platform labeled “Portland Harbour” is located on a
than in the uncoupled fixed SST control run. breakwater on the southeast side of the Isle of Portland — a
Tang (2012) investigated the effect of hourly updated SSTlarge promontory approximately 6 km long and 2.5 km wide
in a convection-permitting numerical model simulation of the extending south of Weymouth (not marked on the map). The
sea breeze in the southern UK. The SST from a shelf searography to the northwest of Weymouth consists of hills
model was on average 1.5K warmer than the fixed valueof approximately 150 m elevation. To the northeast of Wey-
of a control run in which the SST was initialized with Opera- mouth, the topography of the mainland is relatively flat.
tional Sea Surface Temperature and Sea Ice (OSTIA; Donlon Weymouth Bay is shallow, with a maximum depth of 25 m.
etal., 2011) data. The consequences of a warmer SST werelafaces southeast and is approximately 12.5km wide. It is
weaker sea breeze, a less stable marine boundary layer, am#t a semi-enclosed sea (like Mutsu Bay that was studied by
less fog and mist. Tang (2012) presented this case study dsawai and Wada, 2007), but the shallow depth and small di-
evidence that short-term forecasts could be improved if opermensions suggest a potential for large diurnal SST variations
ational regional-scale numerical weather prediction (NWP)(see Sect. 2.2). The prevailing winds are in the south to west
models such as the Met Office Unified Model (MetUM) in- quadrant, and occur 61 % of the year (Risien, 2013).
corporated diurnally varying SST. Lyme Bay lies to the west of the Isle of Portland. It is an
The objective of this study is to determine the sensitiv- open bay facing south, approximately 55 km wide. Eastern
ity of the sea breeze along the English south coast to SSTyme Bay, adjacent to the Isle of Portland, has an approx-
and coastal orography. While previous studies have investiimately straight coastline facing southwest. The orography
gated the effect of orography on the sea breeze (e.g., Porsaises steeply to 160 ma.s.l.
et al., 2007), the combined effect of SST and orography pre-
sented in this paper is novel. At present, the Met Office pre-2.2 Numerical model description
scribes climatological SSTs (i.e., long-term monthly mean)
with no diurnal variation in their regional-scale operational The MetUM version 7.3 is employed for this study. The
NWP forecasts. As in Tang (2012), a motivation for perform- MetUM solves the fully compressible, nonhydrostatic equa-
ing the analysis described in this paper is to determine whations of motion using a semi-Lagrangian, semi-implicit time
errors in sea breeze structure result from prescribing fixedntegration scheme with a fifth-order-accurate spatial differ-
SST. To accomplish this goal, hindcasts for a case study dayncing scheme on an Arakawa-C grid with a terrain follow-
8 August 2010, are generated using the MetUM. In a controling vertical coordinate (Davies et al., 2005). The model is
run the SST field is held constant. Additional experimentsrun with a full suite of parameterization schemes includ-
are performed using SST fields perturbed from the controling a mixed phase microphysics scheme (Wilson and Bal-
values, with and without coastal orography. Sea breeze dylard, 1999), the MOSES-II boundary layer scheme (Lock et
namics and characteristics — including timing, strength, di-al., 2000), and the Gregory—Rowntree mass-flux convection
rection and depth — are analyzed for each hindcast. The pascheme (Gregory and Rowntree, 1990). Orography in the
per is organized as follows. The methodology is described irmodel is derived from the GLOBE (The Global Land One-
Sect. 2, including a description of the case study region andckm Base Elevation) data set.
the design of numerical experiments. An overview of the syn-  In this project the MetUM is configured as an atmosphere-
optic conditions on the day of the case study is presented ironly series of nested model runs: a global run, a 12 km hor-
Sect. 3. In Sect. 4, the sea breeze in a control simulation withzontal grid spacing run over the North Atlantic European
unperturbed SST is described, and in Sect. 5 simulations ofNAE) domain, a 4km horizontal grid spacing run over a
the sea breeze with perturbed SST, with and without coastaUK-only domain, and a 1 km horizontal grid spacing run
orography, are compared. The results and implications forcentered on the English Channel, as depicted in Fig. 1b. The
short-term NWP forecasts are discussed in Sect. 6. presentation of results in Sects. 4 and 5 focusses on the sim-
ulations run with 1 km grid spacing. In the configuration that
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Fig. 1. (a) Orography in the vicinity of Weymouth as used in the 1 km grid spacing MetUM simulation (note this is a subregion of the full
domain used in the 1 km simulatiorl) An approximation of the nested model domains. The area enclosed by the black border is the 12 km
grid spacing North Atlantic European (NAE) domain, the blue border encloses the 4 km grid spacing UK domain, and the red border encloses
the 1 km grid spacing English Channel domain. The locations of the Portland Harbour and Lyme Bay observational platforms are depicted
by the white circles in pangh) (data shown in Fig. 5).

uses 1km grid spacing, the convection scheme is disabledSST without perturbation, (b) the OSTIA SST plus a 1 K uni-
The larger domains provide the lateral boundary conditionsform temperature perturbation, and (c) the OSTIA SST mi-
for the smaller domains, with the initial and lateral boundary nus a 1 K uniform temperature perturbation. After initializa-
conditions for the NAE domain sourced from the global run. tion SST is constant throughout each model run. Fidlare
The NAE domain covers 7200 km by 4320 km with 38 verti- shows the unperturbed OSTIA SST field in the 1 km domain.
cal levels; the 4 km grid spacing simulation covers 1600 kmEach of these three experiments is performed both with and
by 1120 km across the UK with 38 levels; the 1 km grid spac-without orography. In the experiments without orography, the
ing simulation covers 600 km by 360 km with 76 levels. The elevation of the lower boundary is setto O m a.s.l. everywhere
model top is located 39.2kma.g.l. The 12 km grid spacingin the 1 km domain. A total of six numerical experiments
run begins at 12:00 UTC on 7 August 2010, the UK domainare therefore performed in the 1 km domain. The experiment
run with 4 km grid spacing begins at 00:00 UTC on 8 Au- with unperturbed OSTIA SST and unperturbed orography is
gust 2010 and the 1 km grid spacing run begins at 06:00 UTChereafter referred to as the control experiment and is ana-
on the same day. The initialization times are offset in order tolyzed in Sect. 4; the perturbed experiments are examined in
allow for the model at each resolution to “spin up” smaller- Sect. 5.
scale structures. A comparison of the numerical experiment SST values and
Numerical experiments are performed with the 1 km grid the observations for the case study day is shown in Zhg.
spacing configuration using three different SST fields to as-The observations of the Weymouth waverider buoy — located
sess the sensitivity of the sea breeze to changes in SST. Eadm the western shore of Weymouth (see Fig) — mea-
is derived from the daily 050STIA data set interpolated sured SST during the day ranging from 290.2K to 290.5K.
onto the 1 km grid. The three SST fields are (a) the OSTIAThe OSTIA value is slightly cooler than the observations. It

www.atmos-chem-phys.net/14/4409/2014/ Atmos. Chem. Phys., 14, 44088 2014
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Fig. 3. (a) Met Office surface analysis valid at 00:00UTC on
Fig. 2. (a) OSTIA SST in the 1km MetUM domair(b) Observed 8 August 2010.(b) Visible satellite image over southern UK at
SST from the Weymouth waverider buoy (black circles) and SST15:00 UTC on 8 August 2010. The yellow box in pare) cor-
used in simulations (solid lines) as a function of time on the day of responds to a subdomain of the MetUM simulations run with 1 km
the case study(c) Observed SST during the years 2009 and 2010 grid length that are presented in Sects. 4 and 5. Images courtesy of
from the Weymouth waverider buoy. (Waverider buoy data suppliedthe Met Office (Crown Copyright).
by the Channel Coastal Observatory.)

land in the runs without orography. For a given SST, the
should be noted that the model SST values shown inZEig. |and—sea temperature difference is therefore slightly larger in
apply only to the grid box nearest the waverider buoy, andthe runs with orography. This small difference does not com-
the relative differences between observations and model maylicate the analysis of sea breeze structure that is presented
not hold across the entire domain. Furthermore, the diurnaln Sect. 4.
variation of SST should lead to a larger cold bias in the OS-
TIA SST in the afternoon. Figurgc presents the observed
SST over 2 years at this buoy. Monthly variations are typ-3 Case study overview
ically about 2K, and the diurnal variation occasionally ex-
ceeds 1K. The 2K range of SST values prescribed in theThis case was chosen as a typical example of a day on which
numerical experiments performed in this study is thereforea sea breeze developed along the south coast of England in
representative of the SST error that may result when SSTight gradient winds and clear sky conditions. Synoptic and
is prescribed using diurnally fixed climatological values. It in situ meteorological observations for the case study are de-
should also be noted that the southward-facing hills in thescribed in this section. The surface pressure analysis chart
runs with orography warm by 0.2—-0.5K more than the flat for 00:00 UTC is shown in Fig3a. The synoptic situation on

Atmos. Chem. Phys., 14, 44094418 2014 www.atmos-chem-phys.net/14/4409/2014/
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Fig. 4. Wind speed (filled contours) and wind vectors at 10 ma.g.l. in the control simulation vakg 41:00 UTC andb) 15:00 UTC.
The black circles depict the location of the Portland Harbour and Lyme Bay observational platforniafFand the yellow dashed lines
correspond to the sections in Figsand8.

8 August 2010 was characterized by an area of high pressea breeze can be estimated by the width of clear skies from
sure to the southwest of the UK, with an associated ridgethe shoreline towards inland areas along the south coast. The
that extended towards both Scotland and western Francesea breeze front penetrates approximately 15 to 20 km on-
The geostrophic wind for Weymouth on the English southshore from Lyme Bay at this time, which is similar to the
coast was light northerly. The synoptic-scale pressure gradiinland penetration simulated by the MetUM (see following
ent weakened slightly during the day (not shown). section).

A visible satellite image of the southern UK at 15:00 UTC
on the case study day indicates a sea breeze on the south
coast (Fig3b). This image shows cloud cover over most in-
land areas of England. Some cirrus existed over the southd Control simulation
west of the UK in the early morning, with shallow cumu-
lus clouds developing after sunrise. When a sea breeze ciModel output for the control experiment shows a clear sea
culation is established the sea breeze inflow rises at the sg¥eeze signal along the south coast on 8 August 2010. Fig-
breeze front generating convective cumulus clouds; the deure 4 depicts the 10ma.g.l. surface winds in a subdomain
scending air of the return flow is dry, causing clear skies overof the 1 km grid domain around Weymouth. The 11:00UTC
the sea. The clear air over the English Channel adjacent t@vind field (Fig. 4a) shows the beginning of the sea breeze
the coast is indicative of a sea breeze circulation with a se&irculation. An area of light winds of variable direction ex-
breeze front likely to be present at the boundary between thésts off the coast. Inshore at Weymouth there is a south to
clear skies and the cumulus clouds. The inshore extent of theouthwesterly flow at the coast. This inflow is met by a

weaker but more uniform north—northwesterly flow over the

www.atmos-chem-phys.net/14/4409/2014/ Atmos. Chem. Phys., 14, 44088 2014
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Fig. 5. A comparison of observed and simulated 10 m wind speed and direction at the Portland Harbour and Lyme Bay observational
platforms. Modeled and observed data are plotted at 10 min intervals. (Data supplied by the Channel Coastal Observatory.)
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Fig. 6. Wind speed (filled contours) and vectors at 10 ma.g.l. at 15:00 UTC (as id)Fay.the perturbed-SST experiments, with and without
orography(c) is identical to Fig4b but is included to enable direct comparison with the perturbed experiments.

land. The line of convergence of these two flows is the sealhe sea breeze strength is reasonably consistent across the
breeze front. sea with one notable exception in Lyme Bay. The exception
At 15:00 UTC (Fig.4b) the sea breeze is well established, is a narrow region of weaker surface winds located imme-
with both the offshore and inshore extent increased. The indiately offshore. This feature is hereafter referred to as the
land penetration of the sea breeze front is approximately 15<calm zone”. The zone of reduced wind speed is apparent
20km at most locations along the coast. Offshore, the seauring the early stages of sea breeze onset and subsequently
breeze becomes a nearly uniform southwesterly flow as theamplifies in concert with the sea breeze itself. A calm zone
circulation strengthens, deepens, and aligns perpendicular tassociated with the sea breeze has been identified in previ-
the landmass of England rather than localized land featuresous investigations (Pett and Tag, 1984; Steele et al., 2013),

Atmos. Chem. Phys., 14, 44094418 2014 www.atmos-chem-phys.net/14/4409/2014/
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but the mechanism of formation was not associated with oro+un with warmest SST (Figee). The effect of SST alone on
graphic blocking as found here. In these previous studies, athe surface structure of the sea breeze in the absence of orog-
offshore calm zone formed due to the interaction of the seaaphy is not very pronounced, as can be seen by comparing
breeze with the gradient wind. the perturbed SST experiments without orography (compare
Figure5 presents a comparison of 10 m a.g.l. wind time se-panels Fig6éb, d, and f).
ries between observations and simulations at the grid points The time of sea breeze onset as a function of distance
nearest to Portland Harbour and Lyme Bay. Although thefrom shore along the sections through Lyme Bay and Port-
time series for all six numerical simulations are shown inland Harbour marked in Figlb is presented in Fig, along
this figure, discussion of the perturbation experiments is dewith snapshots of 10 ma.g.l. wind speed along these sections
ferred to Sect. 5. At both locations, the wind speed and di-at 15:00 UTC. The time of sea breeze onset is defined at each
rection both prior to and following the sea breeze onset argoint in the section as the first time when wind speed exceeds
very similar in the observations and control simulation. The2 ms 1. Changing the value of the threshold between 1 and
wind strength behind the sea breeze front is twice as stron@ ms ! does not change the speed or uniformity of the off-
at Portland Harbour (approximately 6 M3 as at Lyme Bay  shore propagation (not shown), although the onset time is de-
(approximately 3msl). The reduced wind speed at Lyme layed:; this is due to the large gradient in wind speed at the sea
Bay, seen in both observations and simulation, is due to thdreeze front. (The inland propagation speed of the sea breeze
presence of the calm zone near the shore (seedb)g.The  can be defined as the speed at which the sea breeze front ad-
most discernible difference between the control simulationvances inland; Finkele, 1998). The speed of the extension of
and observations is seen in the timing of the sea breeze orthe sea breeze circulation can be inferred from the slope of
set. At both locations, the sea breeze front in the simulationghe curves in Fig7a and ¢ and appears approximately con-
leads the observations by approximately 45 min. stant in each direction from the grid box of earliest onset. The
offshore propagation speed is faster than the onshore propa-
gation speed, as noted by Finkele (1998).
5 Simulations with perturbed SST and smoothed The wind speeds at 15:00 UTC in the Lyme Bay and Port-
orography land Harbour sections are shown in Figh and d. In the
Portland Harbour section, the sea breeze front is advanced
As discussed in the previous section, Fig.presents farther inland and the offshore wind speed is approximately
10ma.g.l. winds in Portland Harbour and Lyme Bay in ob- 1 ms ! stronger in the experiments with orography compared
servations and in the three experiments with perturbed SSTo those without orography; there is no systematic tempera-
and unperturbed orography. The numerical experiment withture dependence on offshore wind speeds. In the Lyme Bay
the warmest SST field (red curves) has the latest sea breezection, the calm zone is evident within the first 10 km off-
onset time, and the experiment with the coolest SST (blueshore in the experiments with orography and does not ex-
curves) has the earliest, which is consistent with Miller ettend onshore. The calm zone is stronger in the runs with
al. (2003, their Eq. 4). At Portland Harbour, the perturbationcolder SST. In the runs without orography, no such decrease
of SST affects the sea breeze onset time but does not haveia offshore wind speed is evident. Changing the SST does not
very strong effect on the wind strength and direction after thelead to a significant change in the overall strength of the sea
passage of the front. At Lyme Bay, which lies within the calm breeze, but it can significantly modify the structure of the sea
zone (see Fig4b), the simulations with warmer SST pro- breeze, as demonstrated below.
duce a stronger wind than the simulations with cooler SST. Figure8 presents vertical cross sections of the sea breeze
In other words, a smaller land—sea temperature contrast rezirculation through Lyme Bay. In all experiments, the sea
sults in a stronger wind speed immediately offshore in Lymebreeze circulation is characterized by a region of inflow near
Bay following the passage of the sea breeze. This counterinthe surface and a return flow aloft. The top of the leading
tuitive result is a consequence of the sea breeze circulatioedge of the sea breeze front is elevated relative to the rest
being partially blocked by the coastal orography, as will be of the sea breeze front. In the experiments without orogra-
demonstrated in the remainder of this section. phy (Fig.8b, d, ), the height of the interface slopes gently
A comparison of the 10ma.g.l. winds in the six exper- downwards for the first 10 km or so behind the elevated sea
iments with perturbed SST and orography is presented irbreeze front. In the experiments with orography (Fa. c,
Fig. 6. The presence of a calm zone offshore in Lyme Bay ise), there is a secondary jump in the elevation of the interface
only evident in the runs with orography (left column, F&y. in the vicinity of the shoreline. This secondary jump is asso-
The runs without orography (right column, F&).produce a  ciated with airflow over the coastal topography. Furthermore,
more uniform wind field offshore, and there is no evidencea shallow region of reduced wind speeds (i.e., the calm zone)
of a calm zone. The run with the coolest SST and orographyis evident immediately offshore which is not present in the
(Fig. 6a) produces a calm zone that is broader and more proruns without orography. This shallow region of stagnation is
nounced than in the control run (Fifc), which in turn has  more pronounced in the run with cold SST (F8g) than in
a calm zone that is broader and more pronounced than in théhe run with warm SST (Fig8e). The inland air temperature

www.atmos-chem-phys.net/14/4409/2014/ Atmos. Chem. Phys., 14, 44088 2014
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reference, the thick black contour is the 291 K isentrope. Height corresponds to the terrain following model coordinate.
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behind the sea breeze front is 1-2 K colder in the cold SSTstatic stability dominated the effect of increased onshore sea

experiments than in the warm SST experiments. breeze winds and, as a consequence, blocking was more pro-
Stagnation of flow on the windward side of an obstacle nounced for the colder SST experiments.
can be understood in terms of the Froude number= The perturbation SST at1 K used in this study is repre-

U/(HN), where N is the Brunt-Vaisélla frequency/ is sentative of the SST errors that are likely to occur in opera-
the speed of the flow approaching the obstacle, Anhds tional NWP forecasts that do not incorporate diurnally vary-
the height of the barrier. The Froude number characterizeing SST. As Tang (2012) demonstrated, the errors can indeed
the relative importance of the flow inertia versus the resis-be much larger locally (e.g., 4 K as seen in RAg). The study
tance to lifting imposed by the static stability. A Froude presented in this paper has emphasized that even a small SST
number less than 1 is associated with blocking. A strongerperturbation can have dramatic consequences for the struc-
flow would discourage blocking, whereas a stronger staticture of the sea breeze circulation on small scales, while the
stability would encourage blocking. For all of the experi- overall sea breeze structure is not significantly altered. Small
ments shown in Fig8, the onshore flow is approximately changes in SST can be amplified due to the strong regulat-
6 ms 1 (see also Figrd). However, the static stability varies ing influence of static stability in the marine boundary layer
significantly between the cold and warm SST experimentson the sea breeze structure, such as in the case of onshore
(for the runs with orography). The vertical temperature gra-winds interacting with coastal topography. We therefore con-
dient in the cold experiment (inferred from Fifla, using  clude that inclusion of the diurnal cycle of SST can be crucial
values 30 km offshore) is approximately 3.5K/200 m in the for correct representation of the sea breeze in regional-scale
lowest 200 m; in the warm experiment the gradient (inferredNWP forecasts, particularly when the Froude number is near
from Fig. 8e) is approximately 2 K/200 m. The correspond- unity. The diurnal cycle of SST might render a diurnally fixed
ing Froude numbers are estimated to be approximately 1.25ST too cold during the afternoon, which would potentially
in the cold SST experiment (i.e., right at the blocking thresh-lead to a calm zone that is too strong in a model forecast.
old) and 1.65 in the warm SST experiment. ConsequentlyAccurate forecasts of the sea breeze are critical to many end
the calm zone that exists in Lyme Bay is consistent with par-users including those in the marine, littoral, and air-quality
tial flow blocking by orography enhanced by colder SST. Al- control industries.
though the estimated Froude number is greater than one in The study presented in this paper focussed on a single
all experiments, partial flow stagnation may still be expectedcase study along the south coast of England. The conclusions
(Reinnecke and Durran, 2008). The estimate of the Frouderawn from this investigation are likely to be relevant to other
number is complicated by the nonuniformity of the upstreamcoastal locations in the midlatitudes that have coastal orog-
flow and the irregularity of the orography profile; neverthe- raphy and modest diurnal SST variation. An informal sur-
less, the decrease in Froude number for colder SST to nearey of sea breeze days along the English south coast (not
unity value indicates that partial blocking is responsible for shown) reveals that the calm zone is a regular phenomenon
the calm zone. in Lyme Bay. Nevertheless, analysis of additional cases in
different locations is required to determine how frequently
the sea breeze is blocked by coastal topography, both along
6 Conclusions the English south coast and elsewhere, and whether the char-
acteristics of this blocking are sensitive to the details of the
The effect of SST and coastal orography on the sea breezgynoptic-scale flow. Additionally, a more detailed analysis of
along the south coast of England has been investigated iboundary-layer processes is required to elucidate the precise
a set of convection-permitting numerical simulations with manner by which the SST and sea breeze inflow interact to
the MetUM. It has been shown that the interaction of the modify the structure of the marine boundary layer.
sea breeze with coastal orography results in a narrow region
of decreased wind speeds immediately offshore. Termed the
“calm zone”, the decreased winds are a consequence of paAcknowIedgement_sThe authors tha_nk Y. Tang for discgssic_)ns that
tial blocking of the onshore sea breeze circulation by theled to the formulation of the experiments presented in this paper.

orography. The existence of the calm zone was verified by]' Chagnon is supported by the National Centre for Atmospheric

. - Science (NCAS) under the Weather Directorate.
observations. The calm zone only formed in those model runs ( )

with coastal orography._ Furthermore, the extent_ of blockingg iteq by: H. Wernli
was most pronounced in those model runs having the cold-

est SST. Although a colder SST would normally generate a

stronger sea breeze circulation — an effect which by itself

would discourage blocking of the flow — a colder SST also

results in a more stable marine boundary layer, and the in-

creased static stability of the onshore flow encourages block-

ing. In the simulations presented in this study, the increased
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