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Abstract

The sea breeze (SB) is a thermally induced boundary layer phenomenon that occurs
at coastal locations throughout the world. Previous satellite remote sensing studies
used low-level clouds formed over the sea-breeze convergence zones to identify the
SB. In this study continuous thermal infrared data from a geostationary satellite (Me-
teosat Second Generation) and concurrent field measurements were used to detect
and characterize the SB in clear sky conditions during the summer. Surface data (wind
speed and direction) from 11 sites over Israel for ten summer days in July 2010 for
three different synoptic circulation categories were selected.

In order to assess the impact of the synoptic induced flow on the SB, we looked for
the best agreement between surface and satellite SB timing. An independent classifi-
cation of synoptic categories performed for the ten summer days revealed two distinct
patterns of the SB. During weak horizontal pressure gradient (Weak Persian Trough
and High to the West), which enables full development of the SB, the timing of the
SB from satellite and field measurements were well correlated (/%’2 =0.75), as com-
pared to unfavorable atmospheric conditions (Deep Persian Trough) yielding lower
value (R2 =0.5). The SB was identified by surface measurements in an earlier time
of the day, with respect to the satellite column integrated measurements.

Visualizing a product of time series analysis of the satellite data enabled clear dis-
tinction of SB behavior under different synoptic categories. Over desert regions the
strong thermal contrast enables detection of the SB even under suppressing synoptic
conditions (Deep Persian Trough).

This method enables detection and timing of the SB over desert regions where
clouds and field measurements are scarce, and is applicable worldwide.
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1 Introduction

The sea breeze (SB) is a boundary layer phenomenon that occurs at coastal locations
throughout the world and probably the most analyzed mesoscale circulation system.
It is caused as a response to thermal forcing generated by the daytime differential
surface heating between land and sea. This heating creates a corresponding horizontal
pressure gradient that enables cool marine air to propagate inland. The SB is also
influenced by the strength and direction of the synoptic-scale wind patterns. Over
sub-tropical regions such as the East Mediterranean (EM), it is a phenomenon of the
summer season when the land-sea temperature difference is the largest and weaker
large-scale winds prevail.

Ample studies of this phenomenon have been devoted to analytic aspects (e.g.
Young and Zhang, 1999; Qian et al., 2009; Dalu et al., 2003), observational aspects
(e.g. Drobinski et al., 2006; Federico et al., 2010; Azorin-Molina et al., 2011) and to
numerical modeling (e.g. Chen et al., 2011; Crosman and Horel, 2010; Grgnas and
Sandvik, 1998; Papanastasiou et al., 2010a; Rao et al., 2011; Soler et al., 2011).

The impact of this thermally induced circulation is of many facets. It plays an im-
portant role on human comfort by suppressing daytime thermal stress associated with
heat wave events (Papanastasiou et al., 2010b), on migrating soaring birds which ex-
ploit the updraft associated with the sea breeze converging lines (Alpert et al., 2000),
and on cross shore transport of marine nutrients across the continental shelf (Hen-
drickson and MacMahan, 2009). Pollution levels mainly over coastal cities (Mangia et
al., 2010; Papanastasiou and Melas, 2009) are also often associated with the land and
sea breeze (LSB) air mass horizontal recirculation. This process refers to the rotation
of the wind direction due to the diurnal cycle of the LSB causing a polluted air mass
to return to its source region the next day contributing to an increase of pollution levels
(Levy et al., 2008).

Significant progress in remote sensing of essential atmospheric parameters and their
derived phenomena was made during the last two decades. This improved much our
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understanding of fundamental processes within the atmospheric boundary layer such
as LSB. Azorin-Molina et al. (2009) used daytime polar-orbiting environmental satel-
lites (POES) to obtain spatial distribution of convective areas associated with the sea
breeze over the Iberian Mediterranean zone. They identified the location of preferential
sea-breeze convergence zones in relation to the shape of coastline and orographic ef-
fects. Additionally, they used mean boundary layer wind speed and direction to provide
statistics about the effect of prevailing large-scale flows on sea-breeze convection.

Damato et al. (2003) also used daytime POES to estimate the occurrence of sea
breeze fronts (SBF) in Western Europe and their inland penetration. They concluded
that their method and its results showed two main limitations:

i. Days with clear sky were excluded even though a surface land-sea thermal gra-
dient and weak prevailing wind could allow sea-breeze development and inland
penetration.

ii. The satellite data were collected at non-homogeneous hours in early afternoon.
Therefore, the analysis did not take into account the maximum inland penetration
of the SB.

Planchon et al. (2006) overcame the second limitation by using geostationary satellite
data (GOES-8) to locate the maximal penetration of the SB adopting a similar method-
ology, i.e. identifying low-level clouds.

Here we will demonstrate a new objective method to detect the timing of the SB
using continuous sequences of data from geostationary satellite that does not rely on
the presence of clouds solely, but rather on thermal infrared radiation emitted from the
surface in clear sky conditions. This approach fills the gap of both abovementioned
limitations. The satellite retrieved SB is validated here against surface meteorological
data over Israel. We will also check the synoptic categories in the summer that enables
development of the SB circulation over the EM and provide some further insights on its
spatiotemporal behavior.
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The three typical sea-level pressure (SLP) synoptic categories in the summer over
the EM are the weak and deep modes of the Persian trough (WPT and DPT respec-
tively) and High to the West (HW). The Persian trough is an extension of a low-pressure
system over the Persian Gulf reaching the EM region. The HW synoptic configuration
extends from the Azorean High. All three types advect cool and moist marine air at
shallow atmospheric layers from the Mediterranean Sea onshore. Synoptic conditions
favorable for mesoscale thermally induced SBs are characterized by weak large scale
forcing (Klaiee et al., 2009; Planchon et al., 2006) allowing for mesoscale phenomenon
to come into effect. Levy et al. (2008) based on a quantitative measure of wind recircu-
lation found a high frequency of mesoscale dominant flows as being attributed to weak
synoptic scale forcing, namely, the WPT and HW flow patterns.

Numerous analytical and model derived studies on the SB behavior over Israel have
been published. In one of the earliest studies, Neumann and Mahrer (1971) improved
Estoque’s model based on some modifications made so as to circumvent the violation
of mass concentration. Alpert et al. (1982) developed a model to simulate the sudden
incursion of the cool Mediterranean SBF to the EM in the summer months, however,
they pointed at inaccuracies in the model’s prediction of the time of onset of the strong
winds characterizing the SBF penetration.

The following section will demonstrate a method to detect the SB in a single location
using concurrent time series of surface meteorological data and geostationary satellite
data from one pixel. In section three, results from the remote sensing analysis will be
presented, along discussion on the influence of different synoptic categories on the SB
spatiotemporal characteristics. A summary section will close this paper.

2 Data and methods

Surface and 500 hPa reanalysis data, and radiosonde data are used for the synoptic
classification, which is described in the next section. Wind speed and direction from
surface meteorological data are used for local in-situ detection of the SB, while satellite
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data for a broad coverage of the SB timing and onshore penetration. The detection of
the timing of the SB from satellite data is based on the thermal contrast between cool
marine-air and underlying warm terrain and is performed independently from surface
data. In order to assess the impact of the synoptic induced flow on the SB, we looked
for the best agreement between surface and satellite SB timing. An independent classi-
fication of synoptic categories performed for the ten summer days revealed two distinct
patterns of the SB, which will be presented and discussed in Sect. 3.

2.1 Meteorological data

Surface meteorological data of fine temporal resolution over Israel were made available
in recent years. Figure 1 shows the location of the meteorological stations that were
used here. In order to select adequately days representing the three synoptic cate-
gories, we analyzed summer days from July 2010. For the selection, three quantitative
criteria were applied: the depth of the horizontal pressure gradient of the synoptic sys-
tem, the depth of the atmospheric boundary layer and the ventilation coefficient (VC).
VC is the mixed layer depth multiplied by the mean wind speed in the mixed layer,
a common parameter to assess the dispersion conditions of the atmosphere. Dayan
et al. (1988) showed significant differences in mixing depth values for the main two
synoptic categories (DPT and WPT) prevailing during the summer.

Figure 2 shows SLP charts used to derive the horizontal pressure gradient defined
quantitatively by the surface-pressure difference (AP) between Nicosia, Cyprus and
Cairo, Egypt, (Dayan et al., 2002). These fields were extracted from the Reanalysis
NCEP/NCAR archive (Kalnay et al., 1996; Kistler et al., 2001) for the ten selected
clear days of July 2010. The mixing layer depth, mean wind speed in the mixed layer
and the ventilation coefficient were calculated from the 12:00 UTC Beit-Dagan (Israel)
radiosonde (Table 1).
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2.2 SB detected by a single meteorological station and satellite data

Alpert and Rabinovich-Hadar (2003) developed an automated method based on
thresholds to detect the SBF. Their method relies on a subjective inspection of time
series of different parameters from surface meteorological stations in an area of 20
by 40 km over the southern coast of Israel. They used data from two periods in July
1993 and 1994 representing the summer regardless of the differing synoptic circulation
systems characterizing this season.

In this study, a 10 min interval time series of wind speed and direction that manifests
the SB were used from 11 meteorological stations (Fig. 1). The threshold values ob-
tained were: (a) stabilization in wind direction (£8° for 90 min), and increase of wind
speed to 0.6 of diurnal amplitude. These criteria were retrieved objectively using the
whole data set, as explained in the next section. Figure 3a and b demonstrate the
detection of the SB timing using the wind speed (Fig. 3a) and wind direction (Fig. 3b)
thresholds on 7 July 2010, over the western Negev Desert (Halutza meteorological
station, see Fig. 1) during WPT synoptic conditions. These criteria were searched in a
time interval when the SB is expected to pass the meteorological station according to
its distance from the coast. The time interval (f4ry:fjate) is set as follows:

coast .
tearly = teary + dist/Viax
coas .
tlate = tlate +d|St/Vmin

where 205 (10:00LT) and 522 (13:00LT) are the early and late time, during which
the SBF is expected to cross the coastline eastwards at a typical speed of 2 (v,;;,) t0
5 (Vnax) M s™', and “dist” is the distance from coastline. The objectively retrieved times
for the SB are indicated by crosses in Fig. 3.

The description of SB timing derived from satellite, done independently, will fol-
low. The wind speed and direction thresholds were optimized in an iterative man-
ner against Spinning Enhanced Visible and Infrared Imager (SEVIRI) data. SEVIRI is
mounted onboard Meteosat Second Generation (MSG) — the European geostationary
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satellite. SEVIRI has 11 spectral channels with 3km spatial resolution at nadir and
15 min temporal resolution (Schmetz et al., 2002), enabling continuous detection. The
archived data are freely available through the EUMETSAT Earth Observation portal at
https://eoportal.eumetsat.int. The thermal impact of the SB on the surface temperature
can be seen in Fig. 4. Channel 9 (10.8 um) brightness temperature (BT) data for the
dates in Table 1 was used for the SBF detection.

Land surface temperature is affected by a number of factors, e.g. solar radiation,
weather conditions such as air mass temperature, cloudiness and sea breeze. The
solid red line in Fig. 3c shows the BT from the pixel collocated with Halutza meteoro-
logical station, at the same time interval as in Fig. 3a and b. The climatology (dotted
line) was calculated using temporal Fourier analysis as in Lensky and Dayan (2011).
The thin red line in the upper part of Fig. 3c is the deviation of the pixels BT from the
expected climatology (AT), and the dashed line is the zero-difference-line. We expect
the SB to decrease the surface temperature; therefore we look for minimum in AT in
the time interval when the SB is expected to pass in that pixel.

3 Results and discussion

The diurnal variation of wind speed and direction typifying a WPT (7 July 2010) shows
weak and variable winds until the onset of the SB at 12:00LT (Fig. 3a and b). The
stronger large-scale conditions characterizing DPT (21 July 2010), resulting in stronger
westerly winds, which persist throughout the day, suppresses mesoscale processes
(Fig. 3d and e). This is manifested also in the collocated satellite data in Fig. 3f in
which a large AT is observed from 06:30 LT persisting for nine hours, which is attributed
to large-scale cold air advection. In Fig. 3c large AT is observed only from 12:00 LT,
lasting for three hours, while wind azimuth stabilizes as westerlies and intensify.

The scatter plot in Fig. 5 shows the relationship between the timing of the SB de-
tected by all 11 surface meteorological data for the ten days analyzed vs. the tim-
ing of the SB as detected by the collocated MSG pixels, as inferred by the maximum

33364

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 33357-33377, 2011

Sea Breeze in clear
sky conditions using
MSG

I. M. Lensky and
U. Dayan

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33357/2011/acpd-11-33357-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33357/2011/acpd-11-33357-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
https://eoportal.eumetsat.int

10

15

20

25

discrepancy of the measured BT from its climatological value (AT). Figure 5a presents
the timing of the SB using MSG data vs. the timing of the SB for the weak horizontal
pressure gradient synoptic category (WPT and HW). Figure 5d shows the same for the
strong horizontal pressure gradient (DPT). The timing of the SB for each meteorolog-
ical station was calculated using the same procedure as in Fig. 3. The same method
was adopted for the wind direction criteria (Fig. 5b and €). An additional parameter
combining both former parameters is shown in Fig. 5c and f.

The correlations obtained, as expected, were higher for days characterized by weak
synoptic scale forcing (,‘?2 =0.75) as compared to days classified as DPT (,‘?2 =0.5),
were the dominant large scale westerly flow overrides the daytime land-sea differen-
tial surface heating. These conditions reflect suppression of mesoscale phenomenon
(Klaiee et al., 2009; Planchon et al., 2006).

Satellite measurements at 10.8 um are dominated by the surface skin temperature,
which lags behind the air temperature. This explains the observed bias in the SB timing
using the wind speed criterion vs. that of the MSG (Fig. 5a and d). In addition, satellite
measurements are column integrated, as compared to the surface meteorological data.
The SB vertical structure behaves as a weak cold front, and as such, is detected first
at shallow tropospheric layers, and only later at higher altitudes.

The correlations of Fig. 5 were also used to objectively derive the surface meteo-
rological criteria for the timing of the SB. These criteria were optimized to attain the
highest correlations in an iterative manner. By this procedure the best agreement be-
tween the satellite and surface meteorological stations perspective is achieved.

Geostationary satellite enables the best spatio-temporal observations of the dynam-
ical processes on Earth. The methodology shown here to derive the timing of the SB
from a single pixel enables a spatio-temporal analysis of the SB over larger domains
including remote areas with no available surface data.

The colours in Fig. 6 represent the timing of the SB deduced from maximum devia-
tion of the BT from its climatological value as demonstrated for a single pixel (Fig. 3c).
Figure 6a shows the SB timing for 7 July 2010 over the whole EM and the North African
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coast under WPT conditions, and (6b) for 21 July 2010, during DPT conditions. The
gradual green-yellow-red colours depict the propagation of the SB from the coast in-
land, where green represents 11:30-13:30, yellow 13:30-14:30, and red from 14:30
to 16:00 LT. This analysis is based on time series derived from individual pixels inde-
pendently from adjacent pixels. The obtained colour sequences reflect propagation of
a disturbance. The orientation of these sequences with regard to the coastline, and
the timing of its propagation, indicates that the identified process is the SB. The inland
subtropical regions at the bottom of Fig. 6 are of desert climatic nature, with extreme
hot surface temperature at noontime, intensifying the SB circulation. Moreover, the
contrast between the cool marine air mass flowing over the hot underlying ground fa-
cilitates the detection of the propagation of the abovementioned thermal disturbance.

Under DPT synoptic conditions (Fig. 6b), the stronger northerly SB flow over North
Africa penetrates further inland as compared to WPT conditions (Fig. 6a). This can
be seen also in an earlier timing of the SB over a specific location (pixel) in the DPT
conditions with respect to those of WPT. The earlier timing is also observed in Fig. 3
were the SB criteria are met earlier in the single DPT case, and also in Fig. 5 for all
stations and days.

Noteworthy, the deepest penetration of the SB shown over the western part of North
Africa in Fig. 6, resulting from streamlines confluence formed by the eastern flank of
the Azorean High and the western flank of the Persian Trough at the surface, which
generates strong northerly winds.

4 Summary

In this study remote sensing data and concurrent field measurements were used to
detect and characterize the SB in clear sky conditions in the summer. Visualizing prod-
uct of time series analysis of remote sensing data enabled a clear distinction between
SB behavior under different synoptic categories. Over desert regions the strong ther-
mal contrast enables detection of the SB even under suppressing synoptic conditions
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(DPT). The SB was identified by surface measurements in an earlier time of the day,
with respect to the satellite column integrated measurements. This may be used to get
further insights into the vertical structure of the SBF and its propagation.

This method enables detection and timing of the SB over desert regions where
clouds and field measurements are scarce, and is applicable worldwide.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/33357/2011/
acpd-11-33357-2011-supplement.zip.
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Table 1. Parameters for synoptic classification of the ten selected days.

Date Synop. AP Nicosia, Avg GPH500 Mean mixing Mixing Avg Ventilation Avg
Category Cairo[hPa] [hPa]  flow*  depthWS[ms™'] depth[m] [m] coefficient[m®s™'] [m?s™']

25 July 2010 15 Zonal 4.5 578 2601

26 July 2010 Hiw -1.0 0.5 . 4.4 420 528 1848 2344
27 July 2010 1.0 Anticycl. 4.4 587 2583

5 July 2010 1.0 3.5 526 1841

6 July 2010 1.0 ) 3.3 401 1303

7 July 2010 WPT 1.0 0.75 Anticycl. 3.1 651 546 2018 1821
16 July 2010 0 3.5 606 2121

1 July 2010 2.0 3.8 1053 4001

21 July 2010 ppT 2.5 2.3 Cyclonic 5.0 1096 1020 5480 4192
22 July 2010 2.5 3.4 910 3094

" Geopotential height at 500 hPa (GPH500) is a descriptive measure of the cyclonic/anticyclonic flow in the upper

atmosphere.
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Fig. 1. Location of the meteorological ground stations and the local topography.
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Fig. 2. Sea level pressure composite over the EM for (a) WPT, (b) DPT and (c) HW synoptic
categories, for the ten selected days (see Table 1).
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Fig. 3. Detecting the sea breeze using time series from 7 July 2010, representing WPT synoptic
category, of wind speed (a) and wind direction (b) from Halutza meteorological station. The
red lines in (a) and (b) are running average over three 10 min. time steps. The red line in
(c) represents time series of brightness temperature from MSG pixel collocated with Halutza
meteorological station. The dotted line represents the climatological BT for that pixel. The thin
red line is the deviation of the pixels BT from its expected climatological value. The SBF is
searched in the time interval (t,,q, ) @ccording to its distance from the coast. Panels (d,
e, f) are the same as (a, b, ¢) for 21 July 2010, representing DPT synoptic category. Note
the stronger winds (d), the uniform wind direction after 11:00 LT (e), and the large discrepancy
between the MSG measured BT (red line) and the climatological values (dotted line) between
07:00 and 15:00 LT, representing synoptic scale cold advection featuring DPT (f).
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Fig. 4. MSG channel 9 (10.8 um) brightness temperature from 7 July 2010 14:00 LT. The three
red arrows point to the thermal impact of the SB on the surface temperature. An animation
depicting the progression of the SB from 09:30 to 17:00 LT can be found in the Supplement.
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Fig. 5. Scatter plots of SB timing (LT) as detected by surface stations (a,d-wind speed, b,e-
wind direction and c,f-combined) vs. satellite (MSG) for WPT and HW (a, b, ¢) and DPT (d, e,
f) synoptic categories.

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 33357-33377, 2011

Sea Breeze in clear
sky conditions using
MSG

I. M. Lensky and
U. Dayan

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33357/2011/acpd-11-33357-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33357/2011/acpd-11-33357-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 6. Colours represent the timing (LT) of the maximum deviation of MSG 10.8 pm brightness
temperature from its climatological value (see Fig. 3c) in each pixel for (a) 7 July 2010 (WPT),
and (b) 21 July 2010 (DPT). The gradual green-yellow-red colours depict the propagation of

the SB.
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