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ABSTRACT: One of the most prominent mesoscale phenomena in the coastal zone is the sea-breeze/land-breeze circula-
tion. The pattern and its implications for the weather in coastal areas are well described, and with mesoscale-resolving
operational NWP models the circulation can be captured. In this study, a straightforward method to identify sea and land
breezes based on the change in wind direction in the column above a grid point on the coastline is presented. The method
was tested for southern Sweden using archived output from the HARMONIE-AROME model with promising results,
describing both the seasonal and diurnal cycles well. In areas with a complex coastline, such as narrow straits, the concept
of the land-sea breeze becomes less clear, and several ways to address this problem for the suggested method are
discussed. With an operational index of the sea and land breezes, the forecaster can better understand and express the
weather situation and add value for people in the coastal zone. Further, the indices can be used to study systematic biases
in the model and to create climatologies of the sea and land breezes.

SIGNIFICANCE STATEMENT: A wind pattern that is frequently occurring in the coastal zone is the sea-breeze/
land-breeze circulation, and the purpose of this study is to test a new method to automatically identify sea breezes and
land breezes in weather forecasts. Knowing if a sea breeze or a land breeze is occurring is helpful for the operational
weather forecaster in understanding the weather situation. It can also be used to study systematic model behavior, for
example, errors in the forecast temperature during sea-breeze conditions. The method has been tested for seven coastal
sites in Sweden and shows promising results both in case studies and multiyear statistics.
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1. Introduction

Forecasting the weather in the coastal zone has always
been a challenge for meteorologists as the sharp gradients of
atmospheric variables and the drastic change in surface prop-
erties give rise to internal boundary layers and mesoscale phe-
nomena. Among these mesoscale effects, the one that is
probably best described and has been studied the most is the
sea breeze; see Fig. 1 for a textbook example of the sea-
breeze circulation. For a complete review of sea-breeze for-
mation and different aspects of the phenomenon, we refer to
Simpson (1994) and Miller et al. (2003).

In brief, as the solar radiation rapidly heats the land surface
during daytime, a convective atmospheric boundary layer is
created. The water surface does not warm as fast due to the
higher heat capacity of water compared to the one of land.
Consequentially, the land-side convection will generate a
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pressure gradient force directed from water toward land, re-
sulting in an onshore advection of air. This wind, the sea
breeze, strengthens as the temperature difference between
the land and sea surfaces increases throughout the day and as
the convection over land intensifies. Also, as the wind speed
increases the wind direction starts to change as a consequence
of the Coriolis effect (e.g., Neumann 1977). Simultaneously,
as the air flows from the sea sector toward land at lower lev-
els, a return flow is established higher up in the boundary
layer with winds in the opposite direction. As the sea breeze
brings cooler maritime air over the land, it takes some time
(i.e., distance from the coast) before this air has been heated
and starts to rise. Thus, convective clouds are not formed at
the immediate coast, but rather several kilometers inland, re-
ferred to as the sea-breeze front.

During the evening transition, when the land surface cools
faster than the sea surface, with subsiding air creating stable
conditions over land, the sea-breeze circulation reverses. This
circulation is commonly known as the land breeze. The land-
breeze circulation is typically shallower and less pronounced
than the sea-breeze circulation and winds are weaker (Miller
et al. 2003, see also Holmer and Haeger-Eugensson 1999). In
synoptic situations with a dominant wind, the sea breeze can
act to decrease or increase the wind speed at different heights.
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Sea breeze front

Fi1G. 1. Illustration of the sea-breeze circulation in the ideal case with quiescent synoptic
conditions. The arrows indicate the direction of the circulation.

Thus, the sea breeze can be masked (see e.g., Sills et al. 2011)
by the synoptic conditions, and no full circulation with return
flow aloft occurs. In this study, we limit ourselves to only clas-
sifying the flow as a sea breeze if the winds are fully or partly
opposing, comparing the 10-m wind direction with wind direc-
tions higher up in the boundary layer (see section 2a for fur-
ther details).

Several attempts to forecast and characterize the sea breeze
have been made, most relating the strength of the sea breeze
to the observed temperature differences between land and
sea, see e.g., Biggs and Graves (1962) who used dimensional
analysis to create a lake breeze index based on the tempera-
ture difference and the surface wind speed. Following this
work, Lyons (1972) used the geostrophic wind instead of the
surface wind and Porson et al. (2007) performed nonlinear
dimensional scaling using the surface heat flux instead of the
temperature difference as one of the key variables. Frysinger
et al. (2003) applied statistical methods to predict the sea
breeze for Charleston, South Carolina, and Svensson et al.
(2019) identified the sea breeze over the Baltic Sea in model
data based on the temperature difference, the presence of a
low-level jet, and by using a comparison with a “neutral wind
model.” Further, sea-breeze days have been categorized as
days with sudden drops in inland temperature and a correspond-
ing rise in relative humidity by, e.g., Physick and Byron-Scott
(1977). Several studies have imposed criteria on the conditions of
the winds on specific pressure surfaces, e.g., the 700-hPa level
(Borne et al. 1998). For an overview of different filtering meth-
ods to identify the sea breeze, we refer to Steele et al. (2015). See
also Crosman and Horel (2010) for a review of numerical studies
on the sea breeze. Recently, machine learning methods have
been applied to detect sea-breeze circulations from surface
observations, see e.g., Sokolov et al. (2020), Roy et al.
(2022) and Bedoya-Valestt et al. (2022). Using remote sens-
ing techniques, ongoing sea-breeze circulations can often be
recognized by the appearance of a sea-breeze front, and the
characteristic band of cumulus or cumulonimbus clouds can
be identified in satellite and radar images, either by inspec-
tion or using automated methods (see e.g., Wakimoto and
Atkins 1994; Hadi et al. 2002; Planchon et al. 2006; Corpetti
and Planchon 2011).
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Since the end of the 2000s, the horizontal and vertical reso-
lution of operational regional NWP (numerical weather pre-
diction) models has become sufficiently high (only a few
kilometers between grid points) to be able to resolve the sea-
and land-breeze circulations. Although the circulations are
driven by differences in temperature, in this study we propose
a new measure to identify sea- and land-breeze circulations in
NWP model output for any grid point close to the coast that
is only based on the change of wind direction with height.
Similar to a thunder probability index or an index to forecast
the probability of icing on aircraft, a sea-breeze index (SBI)
and land-breeze index (LBI) can present model output in a
way which simplifies the work for the operational weather
forecaster and assists in understanding and interpreting the
weather situation. The indices could be used in mobile phone
weather applications for coastal locations, to create sea- and
land-breeze climatologies (see e.g., Furberg et al. 2002; Prtenjak
and Grisogono 2007; Eager et al. 2008), or to characterize sys-
tematic biases in model output during the influence of sea or
land breeze (see Banta et al. 2020, for a discussion on these mat-
ters). The method can also be directly applied to observations
of the vertical profile by the wind in the coastal zone, e.g., per-
formed through radio soundings or long-range lidar measure-
ments. Further, implications for air quality (e.g., Kambezidis
et al. 1998; Talbot et al. 2007; Wentworth et al. 2015) and off-
shore wind energy production (Steele et al. 2015; Xia et al.
2022) during days with and without sea breeze could be
explored.

In this study, a straightforward method to identify sea- and
land-breeze circulations in mesoscale resolving NWP model
output based only on the turning of the wind in the column
above a grid point is presented. In section 2, the general defi-
nition of the proposed SBI and LBI is presented, followed by
a description of the NWP model HIRLAM-ALADIN Research
on Mesoscale Operational NWP in Euromed (HARMONIE)
Applications of Research to Operations at Mesoscale (AROME)
that was used in the study. We will demonstrate that, with these
new indices for the land and sea breeze, the occurrence of these
circulations can be studied for different synoptic situations.
To this end, we will use an objective classification method
by Jenkinson and Collison (1977). This classification has
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previously been utilized for many different applications. On
the subject of winds in the coastal zone, we refer to Steele
et al. (2015) for a study of sea breezes along the southern
coast lines of the North Sea. Further, we also refer to Kalverla
et al. (2019) for a study on the occurrence of anomalous wind
events over the North Sea. In section 3, the results for two
case studies and 5-yr summarizing statistics for seven coastal
locations in southern Sweden are presented. A discussion and
several suggestions for further development of the method is
given in section 4, followed by a summary and some conclu-
sions in section 5.

2. Method and materials
a. Definition of the SBI and LBI

The general idea behind the proposed method to calculate
the SBI and LBI is to present a method that is straightforward
to apply to vertical profiles and that captures the characteris-
tics of the opposing winds at lower and upper levels in the
coastal zone during the occurrence of sea or land breeze. The
method is based only on the wind direction relativethe coast-
line using three angles, see the illustration in Fig. 2: the angle
perpendicular to the coastline (¢), the wind direction of the
10-m wind (), and the wind direction of an upper-level wind
(B) (see section 2c for details). The angle ¢ was defined to be
the same as the wind direction for a wind directed from sea
toward land perpendicular to the coast, i.e., for the west coast
of aland area, ¢ = 270°.

To calculate the SBI or LBI for a grid point at the coast,
the following three criteria have to be met:

1) SBI: « is within =90° from ¢ (i.e., the 10-m wind is at least
partly directed from the sea toward land)
LBI: « is within £90° from ¢ + 180°

2) SBL B is within £90° from ¢ + 180° (i.e., the wind at the
upper level is at least partly directed from land toward
the sea).
LBI: 8 is within £90° from ¢

3) SBI and LBI: B is within =90° from « + 180° (i.e., the up-
per wind is at least partly in the opposite direction as the
10-m wind, see the sector marked in Fig. 2)

If all criteria were met, the SBI was calculated as

SBI = cos(a — ¢) X cos(a + 180° — B), (1)
or, similarly, the LBI was calculated as
LBI = —1 X cos(a — ¢) X cos(a + 180" — B). 2)

As such, it is clear that both the SBI and the LBI will take val-
ues between 0 and 1. The highest values of the SBI (LBI) will
occur if the 10-m wind is perpendicular to the coast and di-
rected toward land (sea) with fully opposing winds at the up-
per level. The lowest values of the SBI and the LBI will both
occur in cases when either the 10-m wind is close to being par-
allel to the coastline (although with some component directed
over the coast) and/or if the upper wind is close to being per-
pendicular to the 10-m wind.
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F1G. 2. Illustration of the definition of the three angles ¢, a, and
B that are required to calculate the SBI and LBI. In this example, a
weak sea-breeze circulation is occurring as the upper wind is far
from fully opposing the 10-m wind.

The SBI and LBI can be thought of as the degree of oppos-
ing winds perpendicular to the coast. Although we use the no-
tation SBI and LBI and often refer to the corresponding
phenomena as sea breeze or land breeze, respectively, we
want to stress that the shift in wind direction in the vertical
profile could occur due to other local, mesoscale or synoptic
features, such as e.g., thunderstorms, capping inversions or
frontal passages. As mentioned in section 1, we only consider
cases of sea and land breezes when the return flow is not
masked by a superimposed synoptic scale wind. Also cases
when the synoptic wind prevents the circulation from moving
onshore or when the synoptic wind deforms the circulation
are omitted. Note that no criteria on the season or the time of
day when the sea and land breeze can occur were imposed.
Also, note that by definition the sea and the land breeze can-
not occur simultaneously and at any given point in time and
space, either SBI or LBI (or no value) can be calculated, due
to the postulated criteria.

b. HARMONIE-AROME

To identify the sea and land breezes in NWP model out-
put, a model of sufficiently high resolution to resolve meso-
scale phenomena in the coastal zone is needed. In this
study, we choose to use HARMONIE-AROME, a convec-
tion permitting NWP model with 2.5-km horizontal resolu-
tion, 65 terrain-following hybrid sigma vertical levels and a
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75-s time step (Bengtsson et al. 2017; Vignes 2021). The
model domain (approximately 53°~73°N and 5°W-35°E) covers
Scandinavia and the Baltic states as well as the Nordic seas and
is used for operational weather forecasting by meteorological
institutes in Sweden, Denmark, Norway, Finland, and Estonia
among others. On the boundaries, HARMONIE-AROME is
driven by the global IFS (Integrated Forecasting System) model
from the ECMWF (European Centre for Medium-Range
Weather Forecasts). HARMONIE-AROME is a 30-member
probabilistic system, where the control member is run with
full forecast length every 3 h (0000, 0300, 0600, ... UTC).
The maximum length of the operational forecasts is 66 h with
hourly time steps stored in the output. In this study, only
forecasts from the control member issued at 0000 UTC and
with forecast lengths of 0-23 h were used.

c¢. Calculating the SBI and LBI from HARMONIE-
AROME output

To calculate the SBI and the LBI for a grid point in the
coastal zone using HARMONIE-AROME data, the 10-m
wind components were obtained together with wind compo-
nents from model levels 62-38. The angle ¢ was manually de-
fined for the selected sites in this study.

To identify the return flow of the sea breeze, wind direc-
tions at model levels 51-38 were used, roughly corresponding
to heights between 500 and 2000 m above the surface (more
specifically, 542-1953 m in the standard atmosphere). The
wind directions at all these levels were checked independently
to see if they fulfilled the criteria presented in section 2a, and
if so, the SBI was calculated for that level. The maximum SBI
among all levels was kept and considered to be the final SBI
for that site and time step. As the land-breeze circulation typi-
cally is shallower, the LBI was calculated in a similar way but
only using model levels in the range 46-62 to identify the up-
per level flow, roughly corresponding to heights of 100-900 m
above the surface (89-927 m in the standard atmosphere).

d. Synoptic classification

To categorize the synoptic conditions over the southern part
of Sweden the objective Jenkinson and Collison (1977)
method was applied to find the Lamb weather type (LWT) for
each time step in the analysis (Lamb 1972; Jones et al. 2012;
Fernandez-Granja et al. 2023). The method makes use of sea
level pressure at 16 grid points placed as marked in Fig. 3.
With the focus area centered at 57°N, 15°E the HARMONIE-
AROME domain does not cover the location of all 16 grid
points, and thus reanalysis data from the fifth-generation
ECMWEF reanalysis ERAS (Hersbach et al. 2020) was used in-
stead. ERAS is a global, state-of-the-art reanalysis with a hori-
zontal resolution of 0.25° X 0.25° and hourly data.

Based on the variation in surface air pressure between the
16 grid points a synoptic vorticity and a representative wind
(speed and direction) were calculated for the focus area. The
synoptic situation was then classified as one of the 27 Lamb
weather types:

¢ purely anticyclonic (A)
e purely cyclonic (C)
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FIG. 3. Map of Scandinavia showing the location of the 16 grid
points (marked in black) used for the LWT classification by the
Jenkinson and Collison (1977) and the focus area where the classi-
fication is valid (within the dashed line). The land (sea) mask from
HARMONIE-AROME is plotted in yellow (blue), indicating the
southern boundary of the model domain. The isobars show an ex-
ample of the ERA5 normalized sea level pressure field (labels in
hPa) at 1200 UTC 18 Jul 2018 (used for case study 2), for which the
LWT was classified as type N and the synoptic wind speed as mod-
erate in the focus area.

o cight classes of directional flow (N, NE, E, ...)

e 16 classes of hybrid flow that represent anticyclonic or cy-
clonic flow with a component of directional flow (such as
AN, ANE, ...,CN,CNE, ...)

o weak flow (U)

Further, the synoptic wind speed was divided into four cate-
gories of equal relative occurrence: weak, moderate, strong,
and very strong.

e. Study design: Case studies and 5-yr overview

As a proof-of-concept and to test the proposed methodol-
ogy to identify sea and land breezes using HARMONIE-
AROME model output, two case studies were performed. In
the first case study (25 July 2018), a sea-breeze circulation was
clearly occurring along a great part of the coast in southern
Sweden, see the satellite image in Fig. 4a. Three transects
were drawn to study the sea-breeze circulation, as marked in
Fig. 4b: one transect from south to north (transect A-B) and
two transects from west to east (transects B-C and D-E). Fur-
ther, seven coastal sites were selected, and their angle ¢ was
manually determined, also marked in Fig. 4b. As seen in
Fig. 4b, the sites are spread out on the western, southern, and
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FIG. 4. (a) True color satellite image with corrected reflectance from the MODIS instrument on the 7Terra satellite, showing southern
Sweden at 1200 UTC (1300 LST) 25 Jul 2018. (b) The HARMONIE-AROME forecast for the same date and time, visualizing the amount
of clouds (low, medium, and high clouds) and with wind barbs showing the speed and direction of the 10-m wind (wind direction shafts
are directed upwind from the grid points with long barbs representing wind speeds of 10 kt and half-barbs representing wind speeds of
5 kt placed at the end of the shaft; 1 kt =~ 0.51 m s_l). Three transects (A-B, B-C, and D-E) are marked on the map, together with the
location of the seven coastal sites used in the study. The angle ¢ is indicated by the red arrow for each site. (c) The 2-m temperature and
(d) the maximum change of wind direction (colored field) comparing the 10-m wind direction with wind directions from model levels 65-38
is visualized (not considering if the turning is clockwise or counterclockwise), together with wind barbs showing the wind speed and direction
at model level 38 (approximately 2000 m above the surface). We acknowledge the use of satellite imagery from the Worldview Snapshots ap-
plication (https://wvs.earthdata.nasa.gov), part of the Earth Observing System Data and Information System (EOSDIS).

eastern coasts and have a varying degree of complexity of the
coastline, where Helsingborg and Kalmar represent the most
complex as they are both located close to narrow straits.

The second case study was performed for 18 July 2018 when
a cold front passed over the southern parts of Sweden. This
case study demonstrates potential shortcomings of the proposed
index and how the results should be interpreted given different
governing synoptic conditions. As for the first case study, the
change of wind speed and direction throughout the day was
plotted for the same set of coastal sites in southern Sweden.

A 5-yr overview of annual occurrence of sea and land breezes
at the seven sites was also studied, together with the seasonal var-
iation and the diurnal cycle, using archived HARMONIE-
AROME data between 1 January 2017 and 31 December 2021.
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The main limitation for a longer time series was that no forecasts
were archived pre-November 2016. The time period January 2017—
December 2021 was selected in order to get full years, without
bias to any a specific season. For both the case studies and the
five year statistics, deterministic forecasts issued at 0000 UTC
were used (see also section 2b), analyzing forecasts with a lead
time of 0-23 h.

3. Results

a. Case study 1: A textbook example of sea-breeze
circulation

The summer of 2018 was dominated by a sequence of block-
ing high pressure systems and unusually high temperatures
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FIG. 5. Cross section of wind speed following the transects (a) A-B, (b) B-C, and (c) D-E as marked in Fig. 4b. The vertical coordinate is
given as the altitude in the standard atmosphere.

over northern Europe (e.g., Wilcke et al. 2020; Yiou et al.
2020). At the time of the case study, 25 July 2018, a heat wave
affected Scandinavia with temperatures reaching up to 30°-35°C
in a great part of southern Sweden (see Fig. 4c) and a high
pressure system of approximately 1015-1020 hPa caused weak
synoptic flow; see the wind barbs in Fig. 4d. The synoptic situa-
tion was classified as type U (see section 2d) for all hours
throughout the day. The contrast between the temperature
over the sea and over the lakes compared to over land was
pronounced with sharp gradients in the coastal zones. All in
all, the conditions were very favorable for sea-breeze forma-
tion. In the satellite image from 7erra using the Moderate
Resolution Imaging Spectroradiometer (MODIS) instrument,
Fig. 4a, it can be seen that sea-breeze circulations were occur-
ring along a great part of the east and south coasts in southern
Sweden as the sea-breeze front pushed the formation of con-
vective clouds inland; compare with the illustration in Fig. 1.
Also, cloud formation along the midline of Gotland (the largest
island in the Baltic Sea) suggests that possibly two sea-breeze
circulations, one on the east coast and one on the west coast of
the island, could be present.

The HARMONIE-AROME forecast issued at 0000 UTC
25 July, valid at 1200 UTC, described the cloud conditions in
a satisfying way, comparing the forecast map in Fig. 4b with
the satellite image in Fig. 4a. The forecast captured the forma-
tion of convective clouds in both the southeastern part of
mainland Sweden and on Gotland. The wind barbs in the fore-
cast map show that in many places along the coast, the 10-m
wind was directed partly from sea toward land and that wind
speeds in general were weak to moderate, 0-5 m s~ (010 kt).

HARMONIE-AROME also forecast a significant wind
turning with height, as can be seen by comparing the wind di-
rection at 10 m with wind directions on all forecast levels
above, up to model level 38. The maximum possible wind shift
(180°) was predicted in the southeastern parts of Sweden,
over eastern Jutland (in the westernmost part of the map) and
over a great part of the Baltic Sea, matching the areas where
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sea-breeze circulation could be expected from the satellite im-
age. Wind shifts greater than 90° were also predicted over
Lake Vinern and Lake Vittern (the two largest lakes in the
map) but the clouds seen here are less likely to be forced by
sea-breeze circulation due to the 10-m wind direction in the
area, see Fig. 4b. Also, locally at the Swedish west coast, the
change of wind direction with height was pronounced, and
what could be interpreted as a sea-breeze front was indicated
by the cloud cover in the HARMONIE-AROME output
(Fig. 4b). However, in reality the conditions were slightly
drier than predicted and no clouds were visible in this region
in the satellite image, at least not for the chosen point in time.

Vertical cross sections using data from model levels 65-38
of the transectwise wind speed for the three transects A-B,
B-C, and D-E (see Fig. 4b) are presented in Fig. 5. Every
transect consists of 33 columns of grid points, corresponding
to a distance of 80 km from the start to the end of the transect.
The south—north transect A-B in Fig. 5a displays a pure sea-
breeze circulation with southerly winds directed from the sea
toward land at low levels and with a reversed flow (northerly
winds) higher up. Note that the transition from a southerly to
a northerly wind component, marked as the white band in the
figure, occurred higher up over land than over water, indicat-
ing the difference in the height of the boundary layer (cf. also
to Feliks 1993). The transect B-C in Fig. 5b covers a complex
coastline as it first passes over mainland Sweden, then over a
narrow strait (five grid points), over the narrow island Oland
(six grid points) and finally out over the Baltic Sea. Close to
the surface, the winds were mostly easterly over mainland
Sweden, switched to more westerly winds over the strait and
then switched back to easterly winds over Oland and the
Baltic Sea, indicating convergence of the flow and a possible
sea-breeze circulation over Oland. For mainland Sweden, a
sea-breeze front is visible both in the satellite image, Fig. 4a,
and in the forecast map, Fig. 4b, but the west—east circulation
in this area is not so pronounced. Note that the same grid
point, B, was used for both transect A-B (Fig. 5a) and
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FIG. 6. Forecast temporal evolution of (first row) the 10-m wind speed, (second row) the 10-m wind direction, (third row) vertical pro-
files of wind direction, and (fourth row) SBI and LBI for the seven selected sites during 25 Jul 2018. Data are from the HARMONIE-
AROME forecast issued at 0000 UTC with a forecast length of 0-23 h. The spacing of the model levels for the vertical profiles (third row)
is based on the height of the model levels in the standard atmosphere. The background coloring on the second row marks if the 10-m wind

is directed from the land sector or the sea sector and the solid white line marks the angle ¢ for each site.

transect B-C (Fig. 5b), and thus it is clear that the south—
north sea-breeze circulation was dominating at the site.

The transect D-E in Fig. 5c passes over Gotland but with
both start and finish in the Baltic Sea. As there was conver-
gence over the island at low levels but divergence higher up,
the vertical cross-section suggests that a double sea-breeze cir-
culation was occurring, one on the west coast and one on the
east coast of the island. Both these circulations contributed to
the convection over Gotland and the formation of the cumu-
lus clouds seen both in the satellite image and in the forecast
map, Figs. 4a and 4b.

The forecast time evolution of 10-m wind speed and direc-
tion, as well as the change in wind direction with height
throughout the day (0-23-h forecast length) for the seven se-
lected sites (marked in Fig. 4b) is plotted in Fig. 6. In the fig-
ure, also the SBI and LBI for every hour is presented.
Starting with the wind speed, it is clear that all sites exhibited
an increase in the wind speed during the morning and then
decreasing winds in the afternoon/evening. For most sites,
there was also a clockwise rotation of the wind as the wind in-
creased, related to the Coriolis effect. This turning was, how-
ever, not seen for Kalmar, where channeling of the wind in a
south-north direction along the strait was the dominant fac-
tor. Studying the vertical profile of wind direction and how it
changed throughout the day, it is clear that major wind shifts
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of over 90°, and even up to 180°, can occur over short vertical
distances and that only Helsingborg displayed a rather cons-
tant wind direction with height; compare also with Fig. 4d.

The SBI values suggest that pronounced sea-breeze circula-
tions were occurring in Ronneby, on both sides of Gotland
and in Valdemarsvik (cf. with transect A-B close to Ronneby
in Fig. 5a and transect D-E over Gotland in Fig. 5c). For
these sites there was an onset of the sea breeze during the
morning hours and the circulation lasted until the evening.
Also in Falkenberg and in Helsingborg, short-lived sea breeze
circulations were identified in the morning.

As indicated by the transect B-C in Fig. 5b, the flow situa-
tion over Kalmar was more complex. For the selected grid
point, the 10-m wind was from south-southwest during most
of the day (see Fig. 6), implying that there was a wind compo-
nent directed from land toward the sea, although almost par-
allel to the coastline. The channeling effect became less
pronounced with increased vertical distance from the surface,
since the winds turned via easterly winds toward the geostrophic
wind which was mostly northerly in the area (Fig. 4d). The
circulation was classified as a land breeze, although with rather
low values of the LBI. For both sides of Gotland as well as in
Ronneby, land-breeze circulations were occurring before and/or
after the sea breeze. Note that for the site Gotland West, no
land breeze was detected in the evening, as the upper wind
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FIG. 7. (a) The satellite image of southern Sweden at 1200 UTC (1300 LST) 18 Jul 2018; and (b) the HARMONIE-AROME forecasts
for the same date and time, visualizing the amount of clouds (low, medium, and high clouds) and the intensity of precipitation. (c) The
2-m temperature and (d) the maximum turning of the wind comparing the 10-m wind direction with wind directions from model levels
65-38 is visualized. More details about the panels can be found in the caption for Fig. 4. We acknowledge the use of satellite imagery from
the Worldview Snapshots application (https:/wvs.carthdata.nasa.gov), part of the Earth Observing System Data and Information System

(EOSDIS).

direction (B) at levels 46-62 was not within +90° from « + 180°
(see details in method description, sections 2a and 2c).

b. Case study 2: Passage of a cold front

On 18 July 2018 a cold front passed over southern Sweden,
bringing rain and locally lower temperatures, see Figs. 7a—c.
As for case study 1, the land-sea temperature gradient was
pronounced and the winds were in general weak, but the front
prevented the formation of the mesoscale sea-breeze circula-
tion. However, the cold front was associated with a major
turning of the wind direction with height, up to 135°-180° in a
great part of the study area (Fig. 7d). The synoptic wind was
classified as moderate all day and the LWT as type NE until
0900 UTC and then as type N for the rest of the day. In Fig. 3
a visualization of the sea level pressure field at 1200 UTC is
presented.
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The temporal evolution of wind speed and wind direction
at 10 m, the wind profile and the SBI and LBI values are plot-
ted in Fig. 8 for the same seven sites as presented in case
study 1. The passage of the cold front is clearly visible for
Falkenberg with a distinct peak in the 10 m wind speed and a
simultaneous change in wind direction. As can be seen in the
vertical profile of wind direction for Falkenberg, the wind
shift started at the lower levels and propagated upward over
time. This vertical slant in wind direction resulted in values of
the SBI well exceeding 0.5. For Helsingborg, the change
in the 10-m wind direction was smaller and consequently also
the turning of the wind with height. As the winds were almost
parallel to the coastline, the values for the SBI were small.
For Ronneby, the HARMONIE-AROME forecast showed a
quick change in wind direction in the morning hours, also re-
sulting in a short period with SBI. The other sites were
experiencing less of the direct effects of the cold front, and
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the panels can be found in the caption for Fig. 6.

only for Valdemarsvik there was a (low value) LBI in the late
evening.

c. Five-year statistics

The 5-yr statistics of SBI and LBI occurrence for the seven
selected coastal locations in southern Sweden are presented
in Fig. 9. No thresholds were used for SBI or LBI, i.e., all oc-
casions with even the slightest sea- or land-breeze circulation
as classified by the method in section 2¢ were included in the
results. Note that, as only five years of data were analyzed,
the results indicate the performance of the indices, but not
the climatological behavior. Also, keep in mind that the indi-
ces signal opposing winds with height. However, the indices
are not a sufficient condition for land breeze and sea breeze,
as shown in the second case study.

On average, SBI and LBI each appear approximately 5%
of all the hours in a year, for all sites and all years analyzed.
Although some annual variation is expected due to differ-
ences in governing synoptic conditions, there were no major
differences between the different years for a given site, except
that in 2018 when the SBI was slightly more frequent than in
other years. This peak was probably related to the dominating
quiescent synoptic conditions and extended heat wave in that
year (Wilcke et al. 2020; Yiou et al. 2020), leading to unusu-
ally large land—sea temperature differences and thus good pre-
conditions for sea-breeze formation. It can also be seen that sites
on the east coast (Kalmar, Gotland East, and Valdemarsvik)
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experienced SBI more often, and LBI less often, than sites on
the west coast, explained by the fact that southwesterly winds
are the predominant climatological geostrophic wind direction
over southern Sweden. The seasonality plots show that the
SBI had a pronounced seasonal cycle being more frequent in
the period April-September than during the other half of the
year, as expected for this study area. For most sites, May,
June, and July were the months where SBI (>0) occurred most
frequently, up to 10%-20% of the hours in the month. However,
for individual years the relative frequency of SBI could reach up
to 30%-40% for these months (not shown). As the seasonal
pattern is clear for the SBI, the same is not true for LBI which
seemed to be more uniformly distributed throughout the months
of the year.

Diurnal cycles showed that SBI was more frequent during
the day, with a peak at noon, and LBI being more frequent
during the night, with a peak in the late night/early morning.
This indicates that the indices to a large extent performed as
expected for the studied sites. Peak frequency values indicate
that approximately 10% of days will exhibit SBI or LBI at the
respective peak hour. Applying a threshold of 0.25 or 0.5 for
SBI and LBI did not significantly alter the pattern of the diur-
nal relative occurrence other than, of course, decreasing the
values.

The site that differed most from the others, both in terms
of annual relative occurrence and in the diurnal cycle, was
Kalmar. Again, the alignment of the 10-m winds along the
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lines (top three rows) mark the 95% confidence intervals of the relative occurrence.

strait with weak flow on or off the coast was the reason for
these patterns. This can also be seen in the distributions of
SBI and LBI where there was a larger share of very small in-
dices (indicating weak circulations or winds being close to
parallel to the coast) compared to other sites. It is likely that
for this site there was less correlation between the 10-m wind
(channeled) and the upper (geostrophic) wind than for other
sites where the distributions of SBI and LBI were more uni-
form. Interestingly, for some of the sites (e.g., Falkenberg,
Ronneby and the two sites on Gotland), there seemed to be a
tendency toward a slight increase of the relative occurrence of
the SBI (for Gotland also the LBI) close to the index value 1,
implying that when the 10-m wind was close to being perpen-
dicular to the coast and directed from the sea toward land, it
was actually more likely that the upper wind at some model
level would be in the complete opposite direction (or close to
that) than in some other direction.

By applying the Jenkinson and Collison method to the
ERAS surface pressure field the synoptic conditions were
classified and associated with a corresponding LWT and syn-
optic wind speed category for every hour in the 5-yr period
analyzed. Pure anticyclonic (A) and pure cyclonic (C) condi-
tions were the most common LWTs, appearing 15.7% and
13.0% of the time, respectively, as shown in Fig. 10. The dom-
inating wind direction in the study area is from southwest to
northwest and LWTs for these classes are the most commonly

Brought to you by Swedish Meteorological & Hydrological Institute | Unauthenticated | Downloaded 08/15/23 09:57 AM UTC

occurring, both for the pure directional flow and for hybrid
flow. Quiescent synoptic conditions (type U) occurred approx-
imately 4% of the time in total. The seasonal variation of rela-
tive occurrence differs between the LWTs. For example, type U
occurs 10% of the time in summer (June-August) but only 1%
of the time in winter (December—February), not shown.

In Fig. 10a, also the relative occurrence of SBI given the
LWT is presented for the seven selected coastal locations in
southern Sweden. For all sites, except Gotland West, the
LWT with the highest relative occurrence of SBI is type U.
Given this LWT, SBI (>0) occurs approximately 15%-30%
of the time. Note that all hours of the year (day and night) are
included in the analysis. For Gotland West, type ASE coin-
cides with the highest relative occurrence of SBI.

In general, SBI occurred more often in anticyclonic (A)
than in cyclonic (C) conditions, also taking hybrid flow (AN,
ANE, ... and CN, CNE, ...) into account. Further on, sites
located on the east coast (Kalmar, Gotland East and Valde-
marsvik) display SBI > 0 during synoptic conditions with a
dominant wind direction from southeast or south. On the
other hand, sites on the west coast (Falkenberg and Helsing-
borg) show SBI > 0 most commonly when the synoptic flow is
directed from the southeast. Also, for Ronneby, located on
the south coast, LWTs indicating flow from north or northeast
are beneficial for SBI, apart from types U and A. The lower
relative occurrence of SBI for LWTs with wind directions
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FI1G. 10. Relative occurrence of the 27 different LWTs for the focus area (marked in Fig. 3)
during the years 2017-21 (gray bars). The lines show the relative occurrence of (a) SBI and (b)
LBI given the LWT for the seven selected coastal sites.

from southwest to northwest is probably related to the stron-
ger winds generally associated with these LWTSs. The relative
occurrence of SBI given the different synoptic wind speed cat-
egories (all by definition occurring 25% of the time) is pre-
sented in Fig. 11. For all sites, SBI > 0 is most frequently
occurring in weak synoptic forcing (in general 10%-20% of
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the time) and decreases in frequency as the wind speed in-
creases. Although situations with strong or very strong synop-
tic wind speed are less favorable preconditions for formation
of mesoscale circulations, it should be noted that the pro-
posed method is able to identify SBI also in these conditions.
Additionally, despite the lower relative occurrence of SBI
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FIG. 11. Relative occurrence of (left) SBI and (right) LBI given the synoptic wind speed quantile for the seven selected coastal sites.
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during LWTs with wind directions from southwest to north-
west, they still have a significant contribution to the overall oc-
currence of SBI as they are among the most frequently
occurring LWTs.

Results for the relative occurrence of LBI given the differ-
ent LWTs are presented in Fig. 10b and given different synop-
tic wind speed categories in Fig. 11. Similar to the results for
the SBI, the LBI is most frequently occurring in weak or mod-
erate synoptic forcing, i.e., type U or type A. As for SBI > 0
the relative occurrence of LBI > 0 during pure flow direction
from the sector southwest to northwest is less frequent com-
pared to other wind directions. This is most clearly seen for
the sites at the east coast. Generally, the correlation between
LBI and the LWTs was less clear for LBI compared to SBI,
but in terms of synoptic wind speed the pattern is similar.

4. Discussion and outlook for future work

The proposed method to identify sea and land breezes in
operational NWP model output presented in section 2 showed
promising results both for case study 1 (section 3a) and for
the S-yr overview for coastal sites in southern Sweden (section 3c),
capturing the expected diurnal cycles and seasonalities well
(Figs. 6 and 9). One of the main drawbacks of the method is
the performance in areas with a high degree of coastline com-
plexity; see the example of SBI and LBI for Kalmar in Fig. 6.
On the other hand, for Helsingborg the classification scheme
performs well, despite the narrow strait between Sweden and
Denmark. Also, certain weather situations are problematic for
the classification scheme, e.g., during passages of cold fronts
(case study 2). However, also in these conditions, the SBI and
LBI can provide the operational weather forecaster with the
information that there is a strong change in wind direction
with height, and the direction of the circulation—although it is
neither a sea breeze nor a land breeze occurring. In the follow-
ing discussion, several ideas to further refine the classification
scheme are presented.

The most convenient way to fine tune the methodology
would be to restrict the occurrence of sea breezes and land
breezes to specific months of the year, or specific hours of the
day, based on a known climatology for the area where the
method is implemented. Further, as both the sea and land
breezes are events lasting multiple hours, temporal criteria
could be imposed. In the current form, individual hours or
very short events with sea or land breeze could be captured
(see, e.g., the results for Helsingborg and Ronneby, in both
case studies, Figs. 6 and 8). This could either be related to the
fact that a sea- or land-breeze circulation actually was occur-
ring (presumably in case study 1) or related to, e.g., a frontal
passage or isolated convective cells with rapid changes in
wind direction with height. Following the methodology of
Steele et al. (2015), an additional criterion regarding the gov-
erning synoptic conditions could be added, e.g., not calculat-
ing the SBI or LBI if the LWT is classified as one of the
cyclonic types. However, as we wanted to keep the SBI and
LBI in their purest form in this study, to show both the
strengths and weaknesses of the proposed method, implemen-
tation of these ideas was not carried out.
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Validating the index is challenging, but could be done by
comparing with results from other numerical methods (see
e.g., Frysinger et al. 2003; Porson et al. 2007) or with results
from remote sensing detection of coastal circulations (see e.g.,
Hadi et al. 2002; Planchon et al. 2006). The index could also
be validated against a manual classification performed by an
experienced meteorologist. Such a dataset, spanning five years
for random stations globally, has been created by Bedoya-
Valestt et al. (2022) but is yet to be released.

To minimize the problem of erroneously classified sea
breezes or land breezes due to channeling of the wind in nar-
row straits, a stricter criterion on the allowed difference in
wind direction between the 10-m wind («) and the direction
perpendicular to the coastline (¢) could be used. In this study,
the angle ¢ was manually defined for the seven sites. For a
full application along the entire coastline of a country, an au-
tomatic procedure would be needed. However, peninsulas
and archipelagos where no dominant direction of the sea or
land breeze can be easily defined (see Gustavsson et al. 1995)
and coastlines with complex topography where katabatic
winds are common (see Miao et al. 2003) will remain chal-
lenging for the method.

It is possible to extend the calculations of SBI and LBI
both onshore and offshore as long as it is clear which is the
dominating coastline, i.e., how the angle ¢ should be defined
for the grid point. By extending the classification in such a
way, the operational weather forecaster could get additional
information about the horizontal extent of the sea- or land-
breeze circulations, which could be useful when predicting for
example the movement of the sea-breeze front.

As noted in section 1, the method can also be applied to ob-
servational data of the wind profile at the coast. A field cam-
paign aiming at capturing the sea or land breeze could
potentially bring more knowledge on how the indexing could
be optimized. Further, classifying the conditions based on the
SBI or LBI can help in understanding processes related to
the sea or land breeze, such as e.g., turbulent processes, de-
velopment of internal boundary layers and studies on the
sea-breeze front and horizontal gradients of meteorological
variables, both along the coast and in the crosswise direc-
tion. One limitation with the proposed method is that only
cases when the return flow is fully or partly opposing the
10-m wind are considered. As such, sea breezes masked by a
stronger synoptic flow will not be identified. If these cases
were to be included, it is likely that the relative occurrence
of SBI given the LWT would increase in both cyclonic con-
ditions and in pure directional flow. However, as shown in
Fig. 11, strong synoptic winds do not necessarily imply that
winds at different heights in the boundary layer cannot op-
pose each other, although the relative occurrence of SBI un-
der such circumstances is low.

One way to rule out some of the false alarms could be to
implement a time derivative condition related to the decrease
of the height of the onshore boundary layer that is associated
with the onset of a sea breeze. The height of the boundary
layer could also be used as a guide for which model levels to
include in the comparisons of wind direction as both the sea-
breeze circulation and the land-breeze circulation should be
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vertically constrained to occur within the boundary layer. Un-
fortunately, the height of the boundary layer was not stored
in the archive of HARMONIE-AROME forecasts for the full
time period analyzed in this study and thus this methodology
had to be discarded. Further, it is also important to note that
the structure of the atmospheric boundary layer in the NWP
model strongly depends on both the modeling system as a
whole and the selected schemes for processes in the boundary
layer. Model levels 51-38 (corresponding to approximately
500-2000 m) that were used to determine the return flow for
the SBI and levels 46-62 (100-900 m) used for the return flow
for the LBI were selected as they match the typical height
range of the circulations (see also section 2c¢). A slight exten-
sion or reduction of the height range would impact the num-
ber of events found; however, it is likely that the qualitative
results in the general statistics (Fig. 9) would remain. Which
model levels are optimal to include in the analysis is likely to
be dependent on the NWP model applied and which part of
the world is studied.

The height of the circulation, as well as the wind speeds,
both at 10 m and at upper levels, could be used to scale the
SBI and LBI, if those measures are of value for the applica-
tion in mind. To extend and develop the method further, the
integrated mass flow in both the onshore and offshore direc-
tions could be analyzed using a mass streamfunction (Holton
1990). Although most commonly used to study changes in the
global meridional circulation, the function could be applied to
mesoscale circulations such as the sea or land breeze, resulting
in an index indicating the strength of the circulation taking
both the wind speed and the density of the air into account.

As suggested in section 1, the SBI and LBI could be used to
study, e.g., model errors in temperature or cloudiness in the
coastal zone and errors in predicted wind power production
for wind farms (both onshore and offshore) affected by the
sea- or land-breeze circulation. A similar metric could also be
developed to study the impact of changing wind direction
with height (and the consequent loads) on wind turbines (see
Lundquist 2021). The method could easily be applied to rean-
alysis data of sufficient horizontal and vertical resolution to al-
low for multidecadal analysis of occurrence of sea and land
breezes (see also Bedoya-Valestt et al. 2022).

As commented in section 2a, the terminology SBI and LBI
can be slightly misleading as the indices only are measures of
the change of wind direction with height and how much of a
resemblance the wind directions at a lower and upper level
have with the fully developed “textbook” sea or land breeze.
Physical aspects of sea- or land-breeze formation are not
taken into account. However, as shown by the 5-yr statistics in
Fig. 9, the indices track the typical seasonal and diurnal pat-
terns that could be expected from sea- and land-breeze circu-
lations in this area.

Moving from a single-column based classification system
(to detect sea- and land-breeze circulations), the algorithm
could be extended by including the difference in air tempera-
ture over land and over water, surface heat fluxes and vertical
wind components (both onshore and offshore). Thermody-
namic gradients, both in the horizontal and vertical, could be
necessary to include in coastal areas that are prone to strong
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convection with a high degree of wind turning with height.
In this study we wanted to investigate the possibility to iden-
tify sea- and land-breeze circulations in their most straight-
forward way, only using the change of one variable (the
wind direction) with height. The added complexity of an ex-
tended method would most likely result in a more robust
classification but would be more labor and/or computation-
ally expensive.

The refinements suggested above are recommended if the
method is to be applied to create sea- or land-breeze climatol-
ogies or when investigating systematic biases in the NWP
model due to these mesoscale circulations. For the opera-
tional weather forecaster, the indices could provide valuable
information in its current formulation, but to minimize the
number of false alarms of when a sea breeze (or land breeze) is
occurring, the refinements can also be implemented operation-
ally. Further, machine learning algorithms could be trained to
recognize sea- or land-breeze circulations in NWP model
output. If the training data (e.g., a subjective classification
by a meteorologist if there is sea or land breeze in an area)
is of sufficient length and quality, and if the machine learn-
ing algorithm is well tuned, this nonlinear methodology
could probably also outperform simpler methods (Bedoya-
Valestt et al. 2022). A (global) manually classified sea-
breeze dataset could be used as a benchmark for this and
similar studies.

Finally, it is also important to note that the forecaster can
analyze more variables from the NWP model than just the
SBI or LBI when determining if a sea or land breeze is occur-
ring. As mentioned in section 1, the indices summarize the in-
formation about the vertical profile of the wind without the
forecaster having to study the profiles or wind maps at differ-
ent heights individually. Similar to, e.g., a thunder probability
index, also the SBI and LBI will have flaws, and the forecaster
will learn by experience in which situations the indices can be
trusted as good predictors of the sea or land breeze, as op-
posed to when the change in the wind direction with height is
due to other reasons. The method could easily be applied to
ensemble forecasts of sufficient resolution to give a probabilis-
tic assessment of the occurrence of a sea or land breeze.

5. Summary and conclusions

A new method to classify sea- and land-breeze circulations
in NWP model output of sufficient resolution to resolve meso-
scale phenomena in the coastal zone has been introduced and
tested, with promising results. The HARMONIE-AROME
model can capture coastal circulations well, which can clearly
be seen both by studying maps of forecast cloud cover com-
pared to satellite images (Fig. 4) and vertical cross sections of
the wind field (Fig. 5).

Although simple and straightforward in its formulation
(using only the direction of the coastline and the wind direc-
tions at 10 m and at upper levels in the column above one
coastal grid point), the SBI and the LBI capture the expected
seasonal and diurnal cycles of sea and land breezes for seven
coastal sites in southern Sweden (Fig. 9). However, the main
challenges for the method are in areas where the coastline is
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complex, e.g., close to narrow straits, and cases with frontal
passages associated with pronounced wind turning with
height. Several suggestions to improve the method were dis-
cussed, among them limiting the allowed wind directions rela-
tive to the coastline, implementing time derivatives of the
evolution of the height of the boundary layer, and scaling the
indices by the wind speed and height of the circulation.

With an operational implementation of the SBI and LBI,
the work of a weather forecaster could be simplified and
possibly lead to an improved understanding of the weather
situation and better communication with media and other
stakeholders. The indices could also be presented in mobile
phone applications together with the weather forecast, pre-
senting valuable information for seafarers and people living at
the coast. Further, the proposed indices could be used to cre-
ate climatologies of the occurrence of sea and land breezes
and as selection criteria to analyze forecast errors in the
coastal zone.
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