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Abstract. During the summer months, when northerly winds Etesians constitute a major climatic element because they
are blowing over the Aegean Sea the island of Crete modifiesnoderate the summer heat, as they are cool over the Aegean.
significantly the regional airflow as well as the pressure andThey affect tourism and sailing and they clean the heavily
temperature fields due to its complex topography. One ofpolluted Athens atmosphere. Climatically speaking, the Ete-
the major topographical elements of Crete Island is the masians could be characterized as monsoonal type winds, in
jor gap which is located between the two highest mountainsspite their large diurnal variation, prevailing over a large area
Lefka Ori and Idi. On 24-25 August 2007 strong northerly of the east Mediterranean. However, for each individual day
winds, with gusts up to 25nT$, occurred at the exit of the in the Aegean Sea they can be considered as a synoptic phe-
major gap. In order to investigate the dynamics as well asmomenon. The necessary pressure gradient appears to have
the role of this elevated and sloping gap on the airflow mod-been caused by the extension up to western Turkey of the
ification, the event was simulated down to 1 km horizontal summer permanent thermal low pressure trough of the Ana-
resolution using the non-hydrostatic model MM5. The modeltolian plateau and by a high pressure ridge over the Balkans,
simulations show that the localized intensification of the flow which is either strong or weak according to upper air synop-
downstream of the major gap is related to the channeling otic conditions (Metaxas, 1973; Metaxas and Bartzokas, 1994;
the flow through the gap. The strongest winds are observediv et al., 2004).
at the gap exit region, implying that the main cause of the The Aegean Sea consists of numerous islands which mod-
strong winds is the pressure different between the gap enify significantly the general wind flow. The most important
trance and exit, when the relatively cooler maritime air ap-modification takes place around the Crete Island, which is
proached the island and dammed up the high mountains. Fithe largest island in the Aegean. Crete Island is located
nally, sensitivity experiments with modified topography fur- in the southern Aegean Sea, southeast of the greek conti-
ther supported the important role of the topography of thenental mainland. The island has a long and narrow shape,
elevated gap, which reveals that the strong winds have asyith its west-east axis oriented perpendicular to the summer
pects of both gap and downslope contributions over the gagrevailing northern wind flow. The central and the western
exit. part of the island are characterized by high mountains with
peaks reaching 2400 m, while mountains with lower crests
are found on the eastern part (Fig. 1a).
1 Introduction In the island, numerous gaps are found between the moun-
tains. One of the more important gaps is situated between the

One of the major meteorological characteristics that occufwo highest mountains, Lefka Ori (2453 m) and Idi (2456 m).
over the Aegean Sea during summer months is the onset ofopography of this gap plays a decisive role in the forma-

strong winds from northern directions, named Etesians. Thdion of the local strong winds. It has a north-south length of
23km, and a width of~30—40km. The gap does not have

a simple, smoothed terrain; many hills and smaller moun-

Correspondence td: Koletsis tains that range from 100 to 600 m in elevation give to the
BY

(koletsis@meteo.noa.gr) gap topography an elevated sloping character, especially near
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— The stronger winds were observed at and near the gap
exit and decreased gradually to the north (Fig. 1a). The
prevailing wind direction was the northern and the small
differences observed among the stations were related
with the local topographical elements.

— In gap entrance (RS station) a significant percentage of
south winds were observed during the nighttime reveal-
ing the presence of a land breeze.

— The stronger winds were observed at gap exit (KS) con-
trary to the Venturi effect, indicating that the main cause
is the pressure difference between the gap entrance (RS)
and exit (KS).

— Throughout the days of northerly prevailing flow, an in-
crease in mean maximum temperatures as well as a de-
crease of relative humidity were observed at the south-
ern edge of the gap (KS station) resulting from the adi-
abatic warming from the adjacent mountains and gap
topographical elements.

Finally, the case of 24-25 August 2007 when strong wind
gusts reached 25 n$, was further analysed in K09. During

R R e e this event a large number of forest fires were reported in the
southern parts of continental Greece and in the islands of the

Fig. 1. (a) Topographic map of Crete Island and geographical lo- A€gean Sea (Evoia and Crete), that have caused extensive
cations of the ground stations at Rethymno (RS), Armeni (AS), destruction and up to 63 deaths. The major conclusions of

Mourne (MS) and Kerame (KS) as well as the location of Hera- this case include the following:

clion Airport (LGIR). The mountains Lefka Ori and Idi, referred to

in the text, are also showrtb) The island profile as seen from the
south. The mountains as well as the gap location are marked. The
profile was created from MM5 grid 3 topographic dataset (at 1 km
grid increment).

the southern coasts. The topography profile of Crete Island
(Fig. 1b) shows the location of the major gap as well as the

main topographic features of the island. The position of this

gap among the highest mountains, and the orientation of the
island to the prevailing northern wind regime during summer

provide an excellent example in order to study the interaction

of gap geometry with the northerly winds.

This paper is the second in a series examining the inter-
action of the northern wind flow over the Aegean Sea with
the complex topography of Crete Island, and particular the
significance of the major gap flow. In Part 1 of this se-
ries, (Koletsis et al., 2009, denoted as K09 in the remain-

— The QuikSCAT data revealed the formation of a deceler-
ation zone of about 110 km upstream of the island and a
deflection of the wind flow around the island. Moreover,
formations of mountain wakes (airflow disruptions) as
well as narrow stripes of increased wind speed were ob-
served downstream of the island.

— The sounding at Heraclion Airport (LGIR in Fig. 1a)
reavealed two stable layers in the lower troposhere.
More specifically a marine temperature inversion was
located below the summit of the mountain Idi resem-
bling the formation of anticyclonicdhn according to
Cadez’s classification (1967).

— The stronger winds were observed at the gap exit (KS)
while the changes of pressure difference between gap
entrance and exit with the wind intensity in KS were in
phase.

der of the paper), an extensive observational analysis using number of studies in the literature have documented the
92-days of data (July—September 2007) from four meteorostructure and dynamics of gap flows using numerical mod-
logical stations deployed along the gap (as shown in Fig. 1a)els in other areas of the world. Smith et al. (1997) used two
high-resolution satellite wind data from QuikSCAT (wind re- numerical models in order to simulate St. Vincent's wakes

trievals with a horizontal spatial resolution of 12.5km) and in southeastern Caribbean. Both models indicated that air
soundings data, was performed. According to the satellitedescent, acceleration, wave breaking and weak potential vor-
sensor specifications, the QuikSCAT winds have an accuracyicity generation occurred over the island affecting the form

of +£0.2 ms 1 for the wind speed angt20° for the direction.  of the wakes. Steenburgh et al. (1998) used MM5 model to
Some of K09’s principal findings are referred below: examine the structure and the dynamics of a gap flow event
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over Gulf of Tehuantepec, Mexico. Model-derived momen-2 Model and set-up

tum balances as well as trajectories analyses were used to

examine the dynamics of flow curvature over the Gulf of , ) i
Tehuantepec and its correlation with the cross-flow pressurd "€ non-hydrostatic model MM5 was used to simulate this
gradient. Moreover, Colle and Mass (2000) using also MM case and tq provide addltlonql datg f.o'r dlagnoglng the gap
model simulations down to 1.33km grid increment, studied l0W. MMS5 is a non-hydrostatic, primitive equation model
the easterly gap flow through the Strait of Juan de Fuca, in th&'Sind terrain-following coordinates (Dudhia, 1993). Seve-
international boundary area between the USA. and Canadd@ Physical parameterization schemes are available in the
Sensitivity test with modified coastal topography was a|SomodeI fc_)r the boundary layer, the radllatlve transfer, the mi-
performed. The authors have shown the significant role ofthé:mphySICS anq the cumglus convection. 'The MMS model
surrounding topography as well as of the cross-strait pressur@as been running operationally at the I_\Iatlo_nal Observa_tory
gradient to the gap outflow. In Europe many studies hav o_f Athens since 2000 and at the University of Ioannlna_\
been devoted to the gap flow during a bora episode. Mayrs'”ce 2007. For both .the operational use and also for thls
et al. (2007) presents the results from the Mesoscale Alpin&@S€ Study, the following schemes are selected: the Kain-

Programme (MAP) regarding the gap flows, in which three Fritsch schem.e (Kain and_ Eritsph, 1993) for the convective
gap flow prototypes were found and examined. Also, GohmpParameterization, the explicit microphysics scheme proposed

et al. (2008) investigates a strong Adriatic bora windstormPY Schultz (1995) and the scheme proposed by Hong and

near a mountain gap using observational and numerical datd 2" (1996) for the planetary boundary layer (named MRF

The windstorm was characterized by a highly transient and?¢Neéme). The selection of the combination of the Kain-
a three-dimensional wind field downstream of the mountain” 11tSCh scheme for convection and the Schultz scheme for

gap. explicit microphysics is based on the comparative study by

Modeling studies focusing on the study of the interaction KOtroni and Lagouvardos (2001). Also, the selection of the
of the wind flow with the complex topographic features of Planétary boundary layer scheme is based on the finding by

the Aegean Sea are limited. Kotroni et al. (2001) using the*kv1as et al. (2007) who verified the operational forecasts
hydrostatic model BOLAM provided some further insight With MMS model over Athens with three schemes for the
on the orographically disturbed wind flow. These authors'Varm period 2_002 and found that the MRF scheme produces
have shown that the interaction of the northerly wind flow the most consistent forecasts.
with the Cretan mountains produces deceleration of the flow For the simulations, the ECMWF gridded analysis fields
up to 120 km upstream, a leftward deflection of the air and(6-h interval), at 0.5-degree lat/lon horizontal grid increment
an intensification of the flow east of the island. Although have been used as initial and boundary conditions. Three
the model results showed a good agreement with the obsene-way nested grids are defined and used: (a) Grid 1, with
vations, they did not capture the localized maximum wind 220x140 grid points at an horizontal increment of 16 km,
speeds at the maritime area downstream of the main gap. covering the major part of Europe, the Mediterranean and
Since such strong wind events are quite frequent over théhe northern African coast, (b) Grid 2, with 18205 grid
maritime area at the gap exit of Crete Island, which is an im-points at an increment of 4 km, covering the major Greek
portant waterway for commercial and recreational use andirea including the islands of the Aegean Sea, and (c) Grid 3,
a cause of rapid spread of forest fires at adjacent mounwith 249x205 grid points at a grid increment of 1km,
tainous areas inside the gap, it is important to improve thecovering the western region of the South Aegean Sea and
understanding of the three dimensional structure and théhe mountainous central and western part of the Crete Is-
mechanisms associated with this gap flow. This paper exland. The horizontal extension of all three grids is shown in
amines the strong wind event of 24—25 August 2007 usingFig- 2. Many recent studies, found in literature, deal with
high-resolution simulations performed with the MM5 non- the use of very-high resolution modeling. Doyle (1997),
hydrostatic model. One of the main goals is to determineColle and Mass (2000), and Kotroni and Lagouvardos (2004)
whether the model can successfully simulate the modifica2mong others, have shown that increasing horizontal resolu-
tion of the flow across this elevated gap. Furthermore, thetion could be very advantageous, especially in cases of cir-
essential dynamics of the presence of the gap is examined b§ulations forced by topography and surface contrasts. In the
performing simulations with modified topography_ vertical thirty-nine Unevenly SpaCEd fU”'Sigma levels were
The arrangement of this paper is as follows: Sect. 2used, with the maximum resolution in the boundary layer.
presents the main features of the numerical model used in thi§he model top was set at 100hPa. A 48-h simulation ini-
study, together with the information about the settings of thetialized at 00:00 UTC 24 August 2007 was completed for all
various simulations that have been performed. The results oftodel domains.
the control run simulations are presented at Sect. 3, while the Moreover, in addition to the control run (CNTL, here-
results of the sensitivity tests are discussed in Sect. 4. The fiafter), a sensitivity simulation was performed with modified
nal section is devoted to the concluding remarks of this work.topography of Grid 3, while all the rest of the setup character-
istics were exactly the same to the CNTL simulation. In the

www.nat-hazards-earth-syst-sci.net/10/1115/2010/ Nat. Hazards Earth Syst. Sci., 1Q,1P718610



1118 I. Koletsis et al.: The interaction of northern wind flow — numerical study

a0M

4B

46H K‘JSJ&Q > 4}

: 594D}~;—~’|1022‘

g

o f
1001022,
TEs0S

FLRE AR

40N -

Grid 1

1¢ 20 20 40 B0 BO 70 BO 10¢ 110 1 0130140150\6 170 180 190 200 210 220
36M 1
F4N

AZM T,

EEE3FIIEER
El

30M
1

ERAETRIRESE S

Fig. 3. MM5 coarse grid mean sea level pressure (at 2 hPa intervals,
solid blue lines) and 500 hPa geopotential height (at 20 m intervals,

Grid 3 dashed red lines) valid at 06:00 UTC 24 August 2007 (6 h forecast),
PR R A e zoomed over the area of Balkans from the CNTL simulation.

Fig. 2. Horizontal extensions of MM5 grids. The rectangles inside Asian thermal low (Meteorological Office, 1962). A pres-
the Grid 1 area (16 km grid spacing) denote the location of Grid 2, o o dient of-5 hPa, over a distance of 300 km from the
(4km grid spacing) and Grid 3 (1 km grid spacing). Model terrain estern-southwestern Turkish coasts to the eastern continen-
shaded every 100 m for all domains. Lines /ABB’ and CC de- w uthwest urki !
note the positions of the cross sections shown in Figs. 6, 7, and 8. tal Greece was evident over the Aegean Sea rest_JIted |r_1 the
strong northern flow. Comparison of the model simulation
with the ECMWF analyses (Fig. 7 in KO9) reveals that the

sensitivity test (FULLGAP hereafter), the terrain inside the Synoptic field as well as the pressure gradient over the study
gap was diminished so as the gap elevation would be at &rea was simulated adequately by the model.

lower constant height £ 100 m.
3.2 Horizontal analyses

3 Modelresults — CNTL simulations In order to study the wind flow around the island the simu-
lated horizontal field from Grid 3 (at 1 km grid spacing) will
be discussed. Figure 4a shows the 10-m wind at 06:00 UTC
During the days of 24-25 August 2007 strong northerly 24 August 2007. Upstream of the island the simulated gen-
winds were observed over the Aegean Sea, when an Etesiagral airflow reveals a deceleration zone with a horizontal ex-
wind regime was established (further observational details ofent of about 90 km over the maritime area north of Crete.
this case are given in K09). Near gale winds were observedVithin this zone the wind speeds decrease from 12.5his
at the southern coasts of Crete Island and especially througB.5 m s just offshore of RS. In addition, a noticeable grad-
the major gap in which wind gusts at the exit (KS) reachedual leftward turn of the wind (facing downstream) is evident.
25ms L. Figure 3 presents the 500 hPa height level and theThe strongest winds are reproduced by the model over the
mean sea level pressure at 06:00 UTC 24 August 2007 durarea which is located upstream of western Crete, where both
ing the time of the maximum observed winds at the gap exit,observations (Fig. 8 in KO9) and simulated winds are of the
as simulated by MM5 grid 1 at 16-km resolution. order of 10-12.5ms..

A 500 hPa trough was located over eastern Turkey while On the central and western leeward side of the island the
a narrow eastward tilted upper-level ridge was present oveweak flow from variable directions<t ms1) suggests the
the lonian Sea and the Balkans. At surface, a depression wgwesence of two mountain wakes downwind of the higher
situated over southern Turkey and Cyprus with a low centempeaks of the Cretan mountains. The wakes of the island
of ~1006 hPa. This low pressure system is called the Turkistconsists of small-scale counter-rotating vortices. In order to
thermal low and is considered as a western extension of thenvestigate the vertical extent of the low-level vortices, the

3.1 Synoptic analyses

Nat. Hazards Earth Syst. Sci., 10, 111527 2010 www.nat-hazards-earth-syst-sci.net/10/1115/2010/
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Fig. 4. (a)Plan view of 10 m wind andb) temperature field from
MM5 Grid 3, valid at 06:00 UTC 24 August 2007 (6 h forecast),
from the CNTL simulation. A full barb corresponds to 5m's

wind fields at lower tropospheric layers were studied (not
shown). The results revealed that the wakes were shallow as
their vertical extent was restricted below the level of 2000 m.
Furthermore, the horizontal extent of the vortices was dimin-
ished significantly above 1000 m (not shown). On the other
hand, restricted areas with strong winds are evident offshore
and are associated with gap flows. More specifically, off-
shore of the major gap the wind speed exceeds 10'nasd
extends in a region up to 40-50 km with a gradually deceler-
ation as the flow moves farther downstream.

A significant number of studies have been devoted to the
downstream extension of gap outflow. Gap outflow winds
can extend several hundred kilometers downstream (e.g. Gulf
of Tehuantepec, Steenburgh et al., 1998; Gulfs of Panama
and Papagayo, Legeckis, 1988) or is restricted in a zone
of few tens of kilometers weakening or merging with the
ambient flow (e.g. in the Strait of Juan de Fuca, Overland
and Walter, 1981; in Wide Bay, Alaska, Bond and Mack-
lin, 1993). Just offshore KS, as the northerly flow moves
out the gap, it seems to accelerate because of reduced sur-
face drag over water (Mass et al., 1995; Hsu, 1988). More-
over, along the downstream east-west axis, in the edges of the
gap outflow, a strong horizontal shear is evident. In general,
the model reproduces very well the observed deceleration of
the wind flow upstream of the island, the leftward deflection,
and also the wake south of Crete, features also evident in the
QuikSCAT wind field (Fig. 8 in KO9) during the time of the
maximum winds over the gap exit area.

The 2-m temperature field around the island during the
time of the maximum gap winds is illustrated in Fig. 4b. The
highest simulated temperatures are located just downwind of
the highest mountains as result of the descending warmer air,
while relative lower temperatures are observed offshore the
gap exit indicating that the major gap seems to provide a
“conduit” for maritime air across the island. Also, the sea
level pressure field reveals a pressure difference between the
windward and the leeward coasts of the island (Fig. 4c). At
06:00 UTC 24 August 2007 the pressure is 4 hPa higher at the
upwind than at the downwind location which is a common
characteristic in areas of airflow blocked by high mountains
(Smith, 1982; Kotroni et al., 2001), while the pressure differ-
ence between the entrance and the exit of the gag8isPa
(Fig. 4c).

3.3 Time series — Froude and Rossby number

One of the major questions to be addressed here is whether
the model can successfully simulate the observed wind field
throughout the gap. For this reason time series compari-
son between the simulated and observed wind speed for all
ground gap stations are presented in Fig. 5a—d. For the time

Colored shading shows the wind intensity. Wind symbols are plot-Series, the nearest to the station grid point from the 1 km grid
ted every 5 grid points(c) Plan view of mean sea level pressure was selected for each location (RS, AS, MS, KS). Addition-

from MM5 Grid 3, valid at 06:00 UTC 24 August 2007 (6 h fore-

ally, the observed time series were obtained by averaging the

cast), from the CNTL simulation. The location of RS and KS are 5-min mean wind speeds over an hour.

also indicated.

www.nat-hazards-earth-syst-sci.net/10/1115/2010/
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The gualitative comparison between the observed and the
simulated wind speeds (Fig. 5) show a good agreement ex-
cept at the AS and the gap exit KS in which the model sim-
ulation overestimates the wind speed. At the gap exit (KS)
unlike the observations, the simulated gap flow reached its
maximum value around the noon hours of 25 August. This
discrepancy could be attributed to the model pressure differ-
ence which is 1-2 hPa greater than the observed (not shown),
resulting in increasing the wind speeds.

Two parameters the Froude number, defined by
U/Nhm and the Rossby numbRo, defined byU / f 1, mod-
ulate the wind flow in the presence of complex topography
(Pierrehumbert and Wyman, 1985; Smith, 1989), whére
is the wind speed normal to the barrigg, the height of the
barrier, f the Coriolis parametely, is the half width of the
barrier andN is the Brunt-Vaisala frequency. In the rotat-
ing case, these two parameters are used to describe the at-
mospheric response to flow impinging upon mountains with
the threshold values arér <1 for blocking andRo>1 for
upstream deceleration. Thus, in order to quantify the effect
of the orographic influence on the wind flow the two num-
bers have been calculated based on MM5 model outputs at
06:00 UTC 24 August.

The calculated values of the above parameters in the area
north of Crete have been evaluated by the model to a mean
value ~10-2s1 for Brunt-Vaisala frequency, with a mean
flow of 6ms™1, Coriolis parameter~10~4s~1, a mountain
height of 1300 m (resolved mean height of the Cretan moun-
tains at the 1 km model resolution) and a mountain half width
Im~20km. The above values giVe=0.46 andRc=3, imply-
ing the favorable conditions for a partial blocking of the up-
stream flow and a considerable deceleration upstream of the
mountain barrier.

3.4 \Vertical analyses

In order to study the vertical structure of the wind gap flow,
cross-sections as well as model soundings within the study
domain from 1km grid resolution will be discussed in the
following.

Figure 6 shows a north-south cross section, following the
bold line AA in Fig. 2, along the gap which passes through
its entrance (RS) and exit (KS), valid at 06:00 UTC 24 Au-
gust. The sloping as well as the mountainous character of the
gap is evident. The gap flow rapidly descended near the gap
exit, creating an area of strong winds¥6 ms1) at low lev-
els below~940 hPa. At 900-850 hPa an area of weak flow
(~0ms1) above the rapidly descending isentropes is evi-
dent. Overall, the vertical structure over the gap exit is rem-
iniscent of hydraulic flow associated with downslope wind-
orms, suggesting that the relatively low topographic fea-

solid line) and as simulated by MM5 Grid 3 (blue solid line) from tures through the gap may have excited a mountain wave
00:00 UTC 24 August 2007 to 18:00 UTC 25 August 2007 (42h (Durran, 1990). Moreover, the topographic sloping character

time period simulation) a&a) Rethymno (RS)(b) Armeni (AS),(c)

Mourne (MS),(d) Kerame (KS).

Nat. Hazards Earth Syst. Sci., 10, 111527, 2010

of this elevated sloping gap with its gentle windward slope
and the steep leeward slope enhancing the occurrence of a
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mountain wave (Lilly and Klemp, 1979). Mountain waves
were also evident by the rapid downward and subsequent up-
ward shifts in the isentropes (Fudeyasu et al., 2008). Similar  so
structures have also been noted in the lee of elevated gaps
such Stampede Gap (Colle and Mass, 1998a, b) and Wide
Bay, Alaska (Bond and Macklin, 1993).

The cross gap variations can be better investigated through ~~ °w ®  Distencs (xm) * * "'
the inspection of west-east cross sections &t BB (bold
lines in Fig. 2) which are provided in Figs. 7 and 8. The Fig. 7. West to east vertical cross section in the MM5 Grid 3 do-
section CC (Fig. 7) cross over the location MS, while BB main (following the bold line CCin Fig. 2) of the normal to cross
(Fig. 8) over the gap exit KS. At the area between the middleSection wind component (dashed line at 2 and of(b) po-
and near the exit of the gap (MS), the strongest gap paralleent'al temperature (solid line at 2K mteryals) valid at 06:00 UTC
flow (~8 ms1) was located below 900 hPa near the center- 24 August 2007 (6h forecast). Grey shadl_ng_corresponds to poten-
. . tial temperature below 304 K. The arrow indicates the position of
line of the gap (Fig. 7a). Moreover, an area of lower po- the MS.
tential temperatures<302 K) was located just over the MS
location in the surface-900 hPa layer (Fig. 7b). This area is
related with the relatively cool maritime air, which is chan- ened. Further downstream, at AS the vertical structure did
neled throughout the major gap. Few kilometers south, ahot change significantly, while at MS (in the inner gap) a
the gap exit area (KS) the winds strengthened to 18ms more intensified inversion layer between 900-850 hPa was
(Fig. 8a) and the depth of the relatively cool maritime air present and the low level gap flow strengthened to 7.5'm's
layer (low potential temperature302 K) decreased substan- (Fig. 9b). Also, at low levels the winds turned more par-
tially (Fig. 8b). allel to the gap orientation. Further analysis of the verti-
The model-derived soundings also illustrate the verticalcal stratification through the gap was performed by study-
stratification through the gap. The model sounding at RSing the profiles of potential temperature and wind speed (not
(Fig. 9a) reveals a 100 hPa surface based layer, which washown) in the lower part of the atmosphere (up to 500 hPa).
capped by a weak inversion layer that reached 850 hPa witfThe potential temperature profile reveals a warmer as well
a base at 925-900 hPa. Winds near the surface were lighds a drier (Fig. 9¢) low level layer at KS which is probably
(<5ms1), while further aloft the winds veered and weak- caused by the descending air from the mountainous sloping

1000
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Fig. 8. West to east vertical cross section in the MM5 Grid 3 domain
(following the bold line BB in Fig. 2) of the normal to cross section
wind component (dashed line at 2 MY, and of(b) potential tem-
perature (solid line at 2K intervals) valid at 06:00 UTC 24 August
2007 (6 h forecast). Grey shading as in Fig. 7. The arrow indicates
the position of the gap exit (KS).

gap. Moreover, the surface wind speed increased gradually KS

from RS (northern station) down to KS (southern station) 790 0%‘?33‘{5%%
where the winds near the surface reache@ mst. Con- 850 24/08/2007
trary to the vertical profiles at RS, AS and MS in which the ¢ 5%

wind speed increased significantly with height (from surface
up to 800 hPa), at KS (gap exit) the wind speed reduces fronfig. 9. Model soundings within Grid 3, at:(a) the gap en-
18ms!to~3.5ms? atthe level of 850 hPa. This pattern trance (RS)(b) inner the gap (MS) an¢t) gap exit (KS) valid at
confirms the mountain wave activity at the gap exit. 06:00 UTC 24 August 2007 (6 h forecast).
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the exit of the trajectory.

jectory 12 far downstream of the island turned cyclonically.
The turning of this trajectory as well as the wind intensity
(<3ms1) is associated with the wake which is observed at
the region downstream of Lefka Ori and has been reproduced
adequately by QuikSCAT (Fig. 8 in K09). Trajectories 14
S o ] . and 15 get channeled through the major gap as well as tra-
10 20 30 4D 50 60 F A0 SG10011012D13014D150 1601F0 1801202002 1H220230240 jectories 16 and 17 through other Secondary elevated gaps.
Finally, a leftward deflection upstream of mountain Idi was
simulated for a large number of trajectories (18-30).

Fig. 10. (a)Forward trajectories 1-30 starting at 03:00 UTC 24 Au-  The middle trajectories 12-16 rise up over the terrain be-
gust 2007 originating about 40 m above the surface (arrow reprefore descending rapidly to the surface in the southern coasts
sentation), angb) forward trajectory 14 concerning the major gap of the island as Fig. 10a depicts. Temperature and humid-
(ribbon representation). For both figures the arrowhead denotes thigy field analyses for these trajectories (not shown) reveals
air parcel positions at 1 h interval. The width of each arrowheadgn abrupt increase of temperature and decrease in relative
an(_j the width of _the ribbon_ are proportional to the height of the humidity implying that 6hn conditions (Gaffin, 2002) have
trajectory at that time. Terrain shaded every 200 m. been dominated during northerly wind regime at these re-

gions. The higher values of temperature field around central

and western Crete are localized over these regions as the sim-
3.5 Trajectories analyses ulated temperature field reveals (Fig. 4b).

Trajectories 14 and 15 were accelerated and descended

Three dimensional 1-h forward trajectories, beginning atrapidly from the hills and mountains of the elevated gap
03:00UTC 24 August 2007 and terminating at 18:00 UTC as they moved through the gap. More specifically, inside
24 August 2007, elucidate the airflow over the central andthe gap the trajectory 14 experienced a rapid descent from
western region of Crete island as well as over the major gap590 m to the surface near the gap exit KS (Fig. 10b). The
An array of points north of the island was calculated usingspeed of this trajectory was 5m’ at the gap entrance
the hourly model outputs. At the height level-e0 m (low- but increased to approximately 10 misnear the gap exit
est model sigma level) above the surface (Fig. 10a), trajec{Fig. 11a). A slightly flow acceleration continued over the
tories 1-13 experienced a westward deflection as a resulnaritime area downstream of the gap until the speed of tra-
of flow deflecting around mountain Lefka Ori, while tra- jectory 14 reached a maximum of 11 migjust offshore of

S S S Y [ [ ] [ S |
(b) To0 506 500 700 BO0 1100 100 150D 1¥00 1900 2100 m
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Fig. 12. Backward trajectories 10-15 starting at 06:00 UTC 24 Au- Fig. 13. The modified island profile used in FULLGAP simulation.
gust 2007 originating at the lowest sigma level. The width of the The mountains as well as the gap location are marked.
ribbon is proportional to the height of the trajectory at that time and
the terrain shading as in Fig. 10.
4 Model results — sensitivity tests

the gap exit. In the gap the trajectory subsided rapidly from
590 m to the surface near KS resulting in an abrupt tem-From the above trajectories analysis, it appears that air
perature increase accompanied with a decrease in relativearcels have some tendency to pass through the major gap be-
humidity (Fig. 11b). Also, the gradual deceleration of the tween the highest Cretan mountains. So, an important ques-
wind speed with the associated leftward deflection just up-tionis what role does the complex topography of the gap play
stream of Lefka Ori are evident in Fig. 11b. Evidence for in such strong winds at the gap exit. In order to investigate
these trajectories exists in the surface observations, in whiclthis issue, a sensitivity experiment has been conducted, that
near moderate winds-6 m s 1) from northwestern direction  was identical to the 1-km resolution experiment already dis-
at the gap entrance as well as stronger winds from northergussed, except that for this simulation the terrain inside the
direction at the gap exit were observed. gap, between the mountains Lefka Ori and Idi (Fig. 1a), was

Trajectories launched approximately 500 m above the surdecreased at a lower constant height level@0 m) (FULL-
face (not shown) experience less horizontal deflection as the@pAP, hereafter). The vertical profile of the new terrain is
cross the central and western part of the island rising upllustrated in Fig. 13.
the lower topographic elements900m). However, flow Figure 14a shows the wind field at 10 m from the FULL-
splitting around the highest mountains and some channelingsAP experiment during the time of the maximum winds,
across the major gap is evident. In the gap the channeled trawhile Fig. 14b shows the difference in the 10 m winds be-
jectories still experience a substantial descent to the coastaeen the FULLGAP and CNTL simulations at 06:00 UTC
gap exit resulting in a temperature increase and relative hu24 August 2007. Even though the gap terrain was changed
midity decrease. completely, the general airflow around the island did not

For the 1-km domain, backward trajectories starting ap-modify substantially. However, the winds immediately
proximately 40 m above the surface at 06:00 UTC 24 Augustdownwind of the gap exit were about 2—4 maveaker than
2007 were calculated for an array of points along the gapthe CNTL run. Also, notably differences are found at the
exit region (Fig. 12). The main objective of these trajectoriesmaritime area downwind of the gap because of the gap out-
is to describe the origin of the strong winds along the gapflow expansion of about 10 km eastern in comparison with
exit. Trajectories ending at the gap exit, within the area ofthe CNTL run due to the absence of the higher topography
the maximum wind speeds, arrive from two basic locations.near the eastern part of gap exit.
The majority of the trajectories were channeled through the To further illustrate the changes produced by modifying
sloping gap before exiting from it. In contrast, trajectory 10, the terrain of the gap, Fig. 15 shows cross section taken
is moved in higher altitudes compared to the other trajecto-across the modified gap (same location as in CNTL run) at
ries upstream of the island and when impinged on Lefka Ori06:00 UTC 24 August 2007 for the FULLGAP simulation.
it deflected and descended rapidly from 1300 m to the surfac&or this simulation (Fig. 15) the subsidence and the winds
in the gap exit region. over the gap exit were much weaker than in the CNTL run.
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5 Conclusions

0
a0

In the frame of this study the significance of gap flow through

a , : the major gap between the two high Cretan mountains Lefka
- ] Ori and Idi has been examined. During the summer months
a0 : when a northerly wind regime is established over the Aegean,

10

strong northerly winds are observed at the abovementioned
gap exit. Since the maritime gap exit is an important wa-

T [ [ . terway for commercial and recreational use and the associ-

ated strong winds inside the gap many times cause the rapid

Fig. 14. Plan view of 10 m wind from Grid 3, valid at 06:00 UTC spread of forest fires at adjacent mountainous areas, the study

24 August 2007 (6h forecast) from t{a) FULLGAP simula-  of the three dimensional structure and the physical mecha-
tion, (b) 10 m wind speed differences (FULLGAP minus CNTL) at nism of this gap flow is essential.

06:00 UTC 24 August 2007. Also, the locations of the gap entrance
and exit stations (RS and KS, respectively) are indicated.

10 20 30 40 50 60 70 S0 9010011 201301401601601701801 802002 10220230240

For this purpose the most intense episode of northern
winds over the Aegean throughout summer 2007 have been
simulated. During the days of 24-25 August 2007, when
However, it should be noted that the stronger winds are stillan Etesian wind regime was established, near gale winds oc-
located at the gap exit. This pattern is similar to the one foundcurred at the southern coasts of Crete Island and especially
in a sea level gap exit without topographic elements such ashrough the major gap in which wind gusts at the gap exit
Juan de Fuca, between western Washington State and BritisiKS) exceeded 24 nt$ (K09). The study was based on
Columbia (Colle and Mass, 2000 — cross sectiori A4heir  the analysis of model simulations performed with the non-
study). hydrostatic model MM5 with a horizontal grid increment
In conclusion, this case study has aspects of both gap ouef 1km. The synoptic pattern of these days was captured
flow (removing the inside gap terrain) and characteristics ofadequately by the model revealing a strong pressure gradi-
downslope flow (mountain wave activity). The importance ent over the Aegean Sea (5 hPa/300 km), with a surface low
of the leeside mountain wave in controlling the strength of ~1006 hPa over the southern Turkey and Cyprus and high
the flow at the gap exit is similar to that found for elevated pressures prevailing over the Balkans and the Greek territory.
gaps such as Stampede Gap in central Washington CascadesMany of the observed structures relating with the general
(Colle and Mass, 1998a) and in the lee of Chivela Pass irflow around the island were realistically simulated; such as
Mexico (Steenburgh et al., 1998). the upstream deceleration up to 90 km north from the coast
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and the noticeable gradual leftward turn of the wind. The parcels experienced acceleration from 5th® ~10ms L.
model estimated Froude numbé&r£0.46) and Rossby num- The rapidly descending of trajectory fror600 m to surface
ber (Ro=3) support this atmospheric response to flow imping- at KS also showshn characteristics.
ing upon mountains. Moreover, downstream of the island Furthermore, the results from the sensitivity tests showed
the formation of two mountain wakes behind the two highestthat elevation changes within the gap affect the evolution
Cretan mountains as well as the restricted areas with strongnd the dynamics of the gap winds and the associated gap
winds were revealed by the model simulations. These areagutflow. This aspect is in accordance with many studies in
were associated with the gap outflow; where just offshore ofwhich the varying elevations inside an elevated gap play an
the major gap the wind speed exceeded 10fn$he model  important role in the gap winds (Colle and Mass, 1998a, b;
also maintained the swath of the northerly winds far down-Bond and Stabeno, 1998). Moreover, the major conclusion
stream (40-50 km) where a gradual deceleration of the windesulting from both control and sensitivity simulations sup-
speed occurred, which is in accordance with the associategorts the aspect that gap and downslope winds may occur
observed downstream flow (Fig. 8 in KO9's study). simultaneously (CNTL) producing stronger winds than ob-
The simulated stronger winds within the gap area areserved in lower gaps (FULLGAP) (Sharp and Mass, 2004).
found near the gap exit. This study supports the aspects sjnce this gap event is observed almost every summer,
of works of Overland and Walter (1981) and Colle and contrary to other strong gap flows around the world which
Mass (2000), who showed that gap flow cannot be describegh their majority are created by the approach of a synoptic
in terms of “funnel” dynamics (Venturi effect) associated scale disturbance (e.g. in Stampede Gap, Colle and Mass,
with mass conservation (Reed, 1931). With funnel mecha-1998a, b), the results of this study have shown the consider-
nisms one would except the maximum winds where the gagple potential of mesoscale models to realistically simulate
is narrowest; however, model results as well as in situ obserthe structures and the evolution associated with these strong
vations (K09) reveal that the maximum winds were at the gapyinds in elevated gaps with complex topography. However,
exit. The comparison between the observed and the simutere is a need to also investigate more thoroughly the role
lated time series of wind speed inside the gap reveals that thgf the channeling inside the narrow straits between the nu-
model was in qualitative agreement with the observationsimerous islands of the Aegean and to understand better the
however, the model overestimated the pressure field by 1prganization of the flow over the Aegean Sea. The need for
2hPa which resulted in 2-5m’ stronger winds than the high quality and detailed weather information at local scale
observed at the gap exit (KS). for human activities, including navigation, is an important is-
The vertical analyses present structures similar to downssye in modern society. This task can be fulfilled by the use of
lope windstorms, suggesting that the gap topography can exmore powerful models and remote sensing techniques, and

cite a mountain wave. As a result of this suggestion the gagt is the authors’ intention to continue this research to meet
flow descended abruptly at the gap exit creating the observeghese objectives.
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