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Abstract. This paper examines the effect of the total solar ance, humidity, wind speed and direction and report drastic
eclipse of 29 March 2006 on meteorological variables acrosshanges in the mean meteorological parameters within the
Greece. Integrated micrometeorological measurements wersurface layer, associated with the eclipse event (e.g. Ander-
conducted at Kastelorizo, a small island within the path ofson et al., 1972; Antonia et al., 1979; Fernandez et al., 1993,
totality, and other sites within the Greek domain, with vari- 1996; Anderson 1999; Hanna, 2000; Zanis et al., 2001; Zere-
ous degrees of solar obscuration. The observations showedfas et al., 2001). Changes in the heat and momentum fluxes
dramatic reduction in the incoming global radiation and sub-within the boundary layer during an eclipse are discussed by
sequent, pronounced changes in surface air temperature withntonia et al. (1979) and Szalowski (2002), while Eaton et
the lowest temperature values occurring about 15 min afteal. (1997) and Krishnan et al. (2004) provided evidence for
the full phase. The amplitude of the air temperature drop waghe diminishing of the turbulence processes.

not analogous to the obscuration percentage but was prin- Surface temperature changes during a solar eclipse are of
cipally determined by the surrounding environment (mainly broad interest since it is a variable strongly experienced by
the sea influence), the background meteorological conditionshe observers. In general, the temperature drop becomes
and local cloudiness. Surface wind-speed decreased in mosibticeable when the sun is about half-covered (Anderson,
sites as a result of the cooling and stabilization of the atmo-1999), although some observers have reported an immedi-
spheric boundary layer. This perturbation provided a uniqueate temperature response (Anderson et al., 1972; Szalowski,
opportunity to apply a sensitivity analysis on the effect of 2002) and others (Narasimha et al., 1982) a response after
the eclipse to the Weather Research and Forecast (WRF) nihe fourth contact (end of the eclipse). The pattern and am-
merical mesoscale meteorological model. Strong anomalielitude of the temperature drop is different for each location
not associated with a dynamic response, were simulated oveand can vary from less than one to several degrees depending
land especially in surface air temperature. The simulatecon many factors. The percentage of sun coverage, the lati-
temperature drop pattern was consistent with the observatude, the season and time of the day, the synoptic conditions,
tions. the height of measurements, the climatic and other local fea-
tures (e.g. topography, vegetation, soil conductivity) account
for the different patterns of the temperature fluctuations dur-
ing a solar eclipse. The time lag between the occurrence of
the temperature minimum and the totality (or maximum par-

The event of a solar eclipse has been always very attractive th2/ity) is a result of the thermal inertia of the air and the
meteorologists for studying the response of the atmospherdfound. in a similar way that the diurnal temperature maxi-
under the specific conditions of an abrupt change (turn offMUmon a clear day does not coincide with the zenith of the
and on) of the incident solar radiation. A number of stud- sun F’“t (_)CCWS some hours Iatgr (Fernande; etal, 1993)1
ies during solar eclipses include observations of meteorolog- Wind is perhaps the most disputable variable concerning

ical variables such as air and soil temperature, solar irraditN€ meteorological effects of a solar eclipse. Although the ef-
fect of the eclipse on the wind is connected with the alleged

Correspondence to: D. Founda appearance of an “eclipse wind” at the late stages, there is
(founda@meteo.noa.gr) no doubt that this “eclipse wind” is rather an enhanced wind

1 Introduction
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at different seasons, different time of the day, different lo-
cations and under different synoptic conditions. A total solar
eclipse took place on 29 March 2006. The path of the moon’s
umbra started in Brazil and traversing the Atlantic, northern
Africa and central Asia it ended up in northern Mongolia.
A detailed description of the eclipse path and additional in-
formation is presented in the Overview paper of this Spe-
cial Issue by Gerasopoulos et al. (2007)Kastelorizo, a
small Greek island near the coast of southern Turkey, was
found within the totality path and at a distance of 50 km to
the NW from the central line of the eclipse. Total eclipse at
Kastelorizo occurred at local hoon (10:53 UTC).

Aiming at the study of the effects of the eclipse on sur-
face layer meteorological parameters, field experiments were
! i conducted at Kastelorizo and other sites of partial obscura-
30NL_i ; | tion in southern, central and northern Greece. In order to

15E 20E 25E 30E 35E simulate the changes on meteorological variables during the
eclipse, a numerical modeling approach was adopted using

Fig. 1. Measurement sites within Greek territory and the totality the Weather Research and Forecast (WRF) model. Since
zone (shaded area). The domains used for WRF simulations arghore pronounced anomalies on meteorological variables are
also shown. expected to occur over land and an extended part of the do-
main selected for simulation is water covered (Aegean sea), it

) .. . hasbeenareal challenge to simulate the effects of the eclipse
chill effect and as Anderson (1999) wrote “.. . Subjective im-  this study area.

pressions in the highly emotional moments leading up to and

through totality are also likely to encourage the persistence

of this story. ..”. Recent observations, indicate a deceleratior2 Experimental and background conditions

of the mean wind flow during a solar eclipse (e.g. Fernandez

et al., 1993, 1996; Dolas et al., 2002; Krishnan et al., 2004;2.1 Measurement sites — instrumentation

Stoev et al., 2005) and this is attributed to the combined ef-

fect of the decrease of the thermal gradient, the stabilizationln€ measurement sites selected within the Greek territory

of surface layer following the drop of temperature and the&€ shown in Fig. 1, where the umbral path is also shown.

suppression of turbulent processes, in a similar way that wind'@ble 1 includes information on eclipse circumstances and

speed decreases after sunset. Eaton et al. (1997) reported AScuration at each site (see also Gerasopoulos et al 2007

effects on the variability of the mean wind speed and ver- The measurements site at Kastelorizo was located on the

tical momentum flux in New Mexico during the partia| SO- seashore of a small bay to the east of the island. The loca-

lar eclipse of 10 May 1994, but detected a decrease in thd&ion is blocked from south to west by a cliff steeping 100m

variance of the three wind speed components. Krishnan e¢P about 200 m away from the seashore covered with bushes

al. (2004), detected pronounced eclipse-induced changes iand isolated trees. To the north and northeast, lies the moun-

turbulent and spectral characteristics of the wind at Ahmed{ainous SW Turkish coast, with ridges up to 1500m high,

abad (S. India) during the eclipse of 11 August 1999. On aWwithin 12km from the island, and massives with peak over

local scale, orographic winds can form and be noticeable if2500 m at a range closer than 50 km.

synoptic situation allows it (Fernandez et al., 1993; Ander- The meteorological variables at Kastelorizo were moni-

son, 1999). tored with a portable automatic weather station consisting of
Although the effects most readily available for observa- the foIIowir!g sensors (resolution/accuracy in pareptheses):

tions concern local, micrometeorological parameters, the lu21 €l€ctronic pressure sensor (0.1 hPa), an electronic thermo-

nar shadow can also contribute to noticeable changes in mdygrometer (0.1C, 1%) equipped with a radiation shield

teorological parameters in mesoscale (Szalowski, 2002). unPlaced at2m above the ground, a pyranometer (0.3Wm

der this perspective, a number of studies describe the sim? pyrhellom_eter (O'Z_WmZ)’ as well as a cup anemome-

lated changes of the eclipse on meteorological variables usie" @nd a wind vane installed 6m above the ground. Addi-

ing numerical modeling or other theoretical procedures (e.gtionally, @ 3-D sonic anemometer (0.01mg was installed

Gross and Hense, 1999: Ahrens et al, 2001; Vogel et al."€arby (height 2m) recording thev-w wind components

2001; E_ckermann etal., 2007). ) ) _ 1Gerasopoulos, E., Zerefos, C. S., Tsagouri, I., et al.: The to-
Despite the large number of studies concerning eclipsesial Solar Eclipse of March 2006: Overview, Atmos. Chem. Phys.
the event of a solar eclipse is always unique since it happenBiscuss., to be submitted, 2007.

45N |2

40N

35N
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at a frequency of 21 Hz. Similar instrumentation (except for 1000
sonic anemometer) is used at all other stations. 900 -

The Finokalia station is located at the north-eastern coast s |
of Crete island on a hill 250 m a.s.l. To the north the station ¢ ,, |
is open to the sea and the surrounding area is covered witt 2
sparse short vegetation. Wind was measured at 3m a.g.l. A g
detailed description of the site can be found in Mihalopoulos
etal. (1997).

The broader Athens area is represented by more than onig %] hesea
stations. Meteorological and actinometric data from the two 209 { —rinokale
routinely running stations of the National Observatory of 100 ffﬂsuti;glsmm
Athens (NOA) at Thission (center of Athens, 107 m a.s.l.) 0 ‘ , ‘ , ‘ ‘ ‘ , , ‘
and Pente" (tO the north of AthenS, 495m a.S.I.) were ana|_ 09:00 09:20 09:40 10:00 1020 10:40 11:00 1120 1140 12:00 1220
ysed. Wind at NOA's stations is measured at 10 m a.g.l. Also, Time (UT€)
the stations (_)f the Athens International Airport (AlA) located Fig. 2. Temporal variation of the global radiation (1-min resolution)
at a flat semi-rural area to the east of Athens were used. Thg,ing the eclipse hours at various stations of different partiality.
meteorological station at Thessaloniki (northern Greece) isyertical lines denote the onset, maximum and end of the eclipse at
located in the center of the city, inside the University campuskastelorizo.
surrounded by sparse buildings and trees. Wind is measured
at 10m a.g.l., while there are also soil temperature data at the
depths of 10cm and 20 cm. During the days of interest, the maximum air tempera-

All data are recorded every 1 min except for meteorologi- ture across Greece ranged fron®C7to 23C (from N to
cal data from Thessaloniki which are recorded every 5 min. S), while minimum temperature ranged fronf@to 14C,

Additional temperature data (recorded every 20 min) wererespectively.
collected from the meteorological stations of the Hellenic
National Meteorological Service (HNMS) at the airports of
the islands of Rhodes (SE Greece), Karpathos (SE Greece) Analyses and results
and Iraklion (Crete).

oniki

Global Irradia

=]

3.1 Observations
2.2 Background conditions
3.1.1 CGlobal radiation

A general pattern characterized by a pronounced low pres-
sure system to the north (over Central and North Europe) and’he temporal variation of global radiation during the
high pressures to the south of Greece (over North Africa) preeclipse for various stations of different solar obscuration
vailed during the days before and after the eclipse resultingKastelorizo, Finokalia, Thission-Athens and Thessaloniki)
to moderate W’ly winds over most of the country. A detailed is shown in Fig. 2. In the same figure, the global radiation
description of the synoptic conditions during the eclipse andcourse of the pre-eclipse clear day at Finokalia is also plotted.
relevant maps are presented in the Overview paper (GeraA dramatic reduction of the incoming solar radiation during
sopoulos et al., 2007. the eclipse event was recorded at all sites. An immediate

In general, clear sky conditions prevailed at the southerrresponse of solar radiation was observed at Kastelorizo just
stations (Kastelorizo and Finokalia) during the pre-eclipseafter the first contact (beginning of the eclipse). Global radi-
day while partly cloudy conditions prevailed over central ation decreased progressively as the sun was being obscured
Greece, mainly from Ci and Cs, which progressively in- from 894 W n1?2 (1st contact) to near zero during the total
creased to 8 octals by the end of the day. The morning of thgghase. The global radiation started to increase again after
eclipse day was bright at Kastelorizo and Finokalia but soonthe 3rd contact (end of the total phase) and reached the value
thin Ci developed first to the W and later to the other direc-of 734 W n12 by the end of the eclipse. The smaller scale
tions which obscured occasionally the sun during the eclipsefluctuations before the end of the eclipse at Kastelorizo were
At the early stages of the event, Cu and Ac had also formediue to the thick clouds prevailing at that time. At all sites,
but did not obscure substantially the sun until the late stageglobal radiation did not regain its pre-eclipse value due to the
when clouds became thicker. In the broader Athens areagcombined effect of the natural decrease of the solar elevation
cloud cover averaged 8 octals (Ci, Cs) early in the morn-angle and the increased cloud obscuration. At Finokalia, the
ing of the eclipse day but progressively decreased to 6 octalglobal solar radiation decreased from 887 to 19 WA{98%
during the event, allowing the sun to be visible through thereduction). Over Athens area (84% partiality) cloudy condi-
thinner clouds. Increased cloudy conditions prevailed at alltions (Ci, Cs) prevailed during the event, and this is reflected
stations on the day after the eclipse. to the smaller scale fluctuations of global radiation in Fig. 2.

www.atmos-chem-phys.net/7/5543/2007/ Atmos. Chem. Phys., 7, 5543-5553, 2007
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Table 1. Information on observation sites: Position, obscuration, eclipse circumstances.

Location Latitude Longitude Obscuration 1stcontact Mid  4th contact
% uTC uTC uTC
Kastelorizo 3609 29°35 100.0 09:34 10:53 12:10
Finokalia 3520 25°40 95.6 09:27 10:46 12:04
Athens 3803 23°52 84.0 09:30 10:47 12:03
Thessaloniki 4838 22°57 75.1 09:34 10:49 12:03
Thessaloniki (15m) : eclipse for all the stations where 1-min readings were avail-
| pendell @ om) 5 able (5-min at Thessaloniki). The observed amplitude of

—Thissio (1.5m) the temperature drop varied from 1@ (Pallini-Athens) to

20 —Fi i '
s (.om) V% 3.9°C (Thessaloniki) being within the range already reported
18 1 m\;/‘/‘“\, during other solar eclipses (Segal et al., 1996; Anderson,
: 1999; Hanna, 2000). Since the eclipse occurred during the
hours of the normal temperature increase, the “effective”
temperature depression induced by the eclipse should be
. even larger. Using as reference the temperature march dur-
12 ] : ing the pre-eclipse day at the stations of Thission and Penteli
' (Athens), it was estimated that the effective temperature drop
10 L T T induced by the eclipse should be about@%arger than the

04 05 06 07 08 09 10 11 12 13 14 15 16 17 18
Time (UTC) recorded one.

_ _ o _ _ As stated in the previous section, the global radiation de-
Fig. 3. Diurnal variation of 10-min surface temperature readings crease was proportiona| to the obscuration percentage. How-
at several observation sites during the eclipse day. Vertical linessyer this was not the case for the observed temperature
denote the onset, maximum and end of the eclipse at Kastelorizo. changes. Even though the southern stations (Kastelorizo and

Finokalia) experienced the larger obscuration (Table 1), the

L . . . respective temperature dro was not the maximum
Solar radiation continued to increase for several minutes af- P P P (23

ter the first contact since the effect of cloudiness variationObserved' These are island stations and consequently are sur-

overruled the eclipse effect. An average reduction of 92% inrounded by sea, which minimizes the temperature response

the incoming solar radiation was measured in Athens stations(,jue (o its larger heat capacity. Furthermore, at Kastelorizo

with the minimum value coinciding with mid-eclipse, while an increase of the wind speed which took place about 40 min

Thessaloniki (75% partiality) experienced a 89% reductionafter the first contact, may have partly blocked the temper-

of the global radiation during the event due to the added ef_ature from Ta”'f‘g at I(_)wer Ievel_s. It is worth _notmg here
. that the subjective feeling of cooling at Kastelorizo was much
fect of cloudiness. In general, the observed decrease of the

. . L X . . stronger. This is related to the delay of the human nervous
incoming solar radiation during the eclipse was proportional ;

system to react to sudden temperature changes resulting to
to the percentage of solar coverage.

a destabilization of the thermal energy balance of the body
3.1.2 Airtemperature and relative humidity for some time (Fernandez et al., 1993), but also to a pro-
nounced wind chill effect due to the sudden increase of the
The 10-min time series of the temperature measured at th&ind speed.
different sites during the eclipse day are shown in Fig. 3. Despite the smaller sun obscuration (84%) and the larger
Some small gaps at the Finokalia temperature plot are duamount of cloud coverage at the Athens stations, the tem-
to occasional operational problems of the temperature senperature changes were on average larger compared to the
sor. Although the temperature drop followed a similar gen-changes observed at the southern stations. This can be
eral pattern at almost all stations as evident from Fig. 3, themainly attributed to the less pronounced effect of the sea in-
special characteristics of the temperature changes are diffefluence at Athens — compared to the southern areas — since
ent to each location. large part of the surrounding environment is land covered
Table 2 includes the amplitude, the mean rate of the temwith high orographic features. Thessaloniki (75% obscura-
perature drop as well as the time lag of the temperaturdion) experienced the most pronounced temperaturé@3.9
response with respect to the first contact and time lag ofA number of reasons have accounted for this remarkable re-
the minimum temperature occurrence with respect to mid-sponse: first, the temperature response after 1st contact was

Air Temperature (°C)

Atmos. Chem. Phys., 7, 5543-5553, 2007 www.atmos-chem-phys.net/7/5543/2007/
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Table 2. Surface temperature drop at various sites of different obscuration during the eclipse. The mean rate of temperature drop as well as
the time lags from 1st contact and mid-eclipse are also shown.

Station Temperature Time lag from Time lag from Mean Rate of temperature drop
(measurement height a.g.l.) drdi) 1st contact (min)  mid-eclipse (min) °¢/min)

Kastelorizo (2.0m) 2.3 40 14 0.044

Finokalia (2.0 m) 2.3 - 13 0.040

Thission (Ath) (1.5m) 2.6 31 14 0.047

Penteli (Ath) (4.5m) 2.7 43 12 0.052

Palini (Ath) (17.0m) 1.6 47 2 0.024

Markopoulo (Ath) (17.0m) 2.7 a7 14 0.030

Thessaloniki (1.5m) 3.9 15 12 0.055

faster at Thessaloniki — compared to the southern and cen Thessaloniki :

tral stations — (Fig. 3) following the solar radiation response.  ** T Thessaoniciair : 1'%
The low wind speed which prevailed at Thessaloniki dur- | — ST EERpertiie THocm)
ing the eclipse did not allow mixing of the surface air and Soil Tempergure (20cm)
thus contributed to the faster temperature drop. Another im- | " Thessaloniki Rlative
portant reason is the obscuration of the sun from low, thick
clouds which formed about one hour after the beginning
of the eclipse at a height of about 250 m (Amiridis et al.,
2007) evident also from the global radiation curve (Fig. 2).
The added effect of the thick clouds obscuration at Thessa-

T 95

T 90

+ 85

+ 80

Temperature (°C)
(%) Ajlp1wnH eane|ey

175
14 4

T 70

loniki has led to the faster temperature drop after 10:30 UTC | 199
(Fig. 3). Other climatic features could have also contributed o -~ 1 ¢ 1 =~ = le
to the larger amplitude of temperature drop observed at Thes- o4 05 06 07 08 09 10 11 12 43 14 15 16 17 18

saloniki (it was estimated that the long-term diurnal tempera- Time (T6)

ture range on that calendar day at Thessaloniki is larger tha?—'ig. 4, Temporal variation (5-min resolution) of soil temperature at

that at Athens). the depths of 10 cm and 20 cm at Thessaloniki along with surface air
Additional temperature data (recorded every 20min attemperature and relative humidity variations. Vertical lines denote

1.5m a.g.l.) from the coastal meteorological stations at theéhe onset, maximum and end of eclipse at Kastelorizo.

airports of Rhodes (SE Greece), Karpathos (SE Greece) and

Iraklion (Crete) indicated eclipse induced changes of the or-

der of 2C in agreement with observations at Kastelorizo andtemperature. Typical values of this lag are of the order of

Finokalia. 20 min (Anderson, 1999). At Markopoulo (Athens), the tem-

Temperature started to drop several minutes after the firsPerature (17m a.g.l.) retained its minimum value for about
contact. The actual time lag is related to the thermal inertia20 Min before recovering. At the Athens stations, temper-
of the surface layer (Aplin and Harrison, 2002) although it ature contlnued .to increase after the end of the ecllpse_and
is also subject to the prevailing conditions (e.g. cloudiness/®ached its maximum value about one hour later, following
wind etc) effect. The observed time lag ranged betweerthe typical diurnal 'march (Flg.. 3). Howevgr, at Kastelorizo
15 min (Thessaloniki) and 47 min (Markopoulo and Palini) the temperature did not regain its pre-eclipse values due to
(Table 2). At the Athens stations, temperature continued itdhe mcrease_d cloudiness and wind conditions that prevailed
increasing march for more than 30 min after the beginning@fter the eclipse.
of the event, subject also to cloudiness fluctuations as stated The response of the soil temperature (available only at
in the previous section. The faster rate of temperature fallThessaloniki) was another interesting feature of the eclipse
in Athens area was observed at Penteli which is an elevatedffect. In Fig. 4, the temporal variation of the soil temper-
station (495m a.s.l.), in a similar way that temperature fallsature at depths 10 and 20 cm are shown, along with surface
faster at higher altitudes after sunset, while at Thessalonikiair temperature and relative humidity. The normal diurnal
the temperature drop accelerated after 10:30 UTC due to theourse of soil temperature at both depths is slowing down
combined effect of the eclipse and thick clouds as statedor the period between mid-eclipse and the last contact, af-
above. A time lag ranging from 2 to 15 min was observedter which it resumes its normal march. Relative humidity is
between the mid-eclipse and the occurrence of the minimunexpected to increase during the eclipse as a consequence of

www.atmos-chem-phys.net/7/5543/2007/ Atmos. Chem. Phys., 7, 5543-5553, 2007
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Fig. 5. Diurnal variation of wind speed and wind direction at Fig. 6. Residuals of the wind speedind speed) at Kastelorizo
Kastelorizo and Finokalia stations on 29 March 2006. Vertical lines during the eclipse hours. Vertical lines denote the onset, maximum
denote the onset, maximum and end of eclipse at Kastelorizo. and end of eclipse at Kastelorizo.

the temperature decrease. Relative humidity at Thessaloniki o
increased from 72% to 96% following closely the tempera-tlon of the synoptic situation and other enhanced due to the

ture drop. At Kastelorizo, relative humidity increased from eclipse local circulations (e.g. an enhanced sea-land breeze).
63% to 86% following the time response of temperature According to observations at all stations of the studied area

while other stations experienced less pronounced chang nd some other neighboring stations), the su.rface pressure
(not shown here). started to decrease about one hour before the first contact and

continued its decreasing march during the whole event. Ob-
3.1.3 Wind speed servations of surface pressure are in accordance with NOAA
(http:/lwww.arl.noaa.gov/ready/disclaim.html) surface pres-
Figure 5 presents the variation of the wind speed and di-Suré maps. The phanges of the surface pressure gradient dur-
rection at Kastelorizo and Finokalia during the eclipse day.ind the eclipse did not reveal any pattern which could be at-
The morning of the eclipse day at Kastelorizo was charac{ributed to the eclipse event.
terized by low SE’ly winds which dropped to negligible val-  Although mean flow changes at Kastelorizo were not
ues some time before the beginning of the event. The obprincipally determined by the eclipse event, there was ev-
servers at Kastelorizo experienced a quite abrupt change iitlence of a change in the “gustiness” of the wind related
wind speed and direction during the partial phase before toto the eclipse. Figure 6 shows the small scale fluctuations
tality. As shown in Fig. 5, the wind direction changed sud- (Awind speed) of the wind speed during the eclipse hours at
denly from E’ly to NW’ly (and later on to W'ly) following  Kastelorizo. These small scale fluctuations are expressed as
an anticlockwise direction, about 40 min after the first con-the residuals obtained by subtracting a 4th order polynomial
tact accompanied by a progressive increase of wind speefit from the 1-min time series of the wind speed. Despite the
which reached a maximum around totality. Wind speed ex-increase of the mean flow observed during the partial phase
hibited then a slight decreasing trend until 20 min before thebefore totality (Fig. 5), the magnitude of the fluctuations of
fourth contact when it started to recover again and increasethe wind became significantly smaller for about 20 min be-
even more during the hours following the event. fore and after the total phase. The straight lines in Fig. 6
Some observers have reported a change of the wind direaepresent the levels of the standard deviation of the residuals
tion towards the direction of the shadow motion during the for three separate time intervals, 09:34-10:34 UTC, 10:35—
total phase (Dolas et al., 2002; Stoev et al., 2005). Aplin11:11UTC and 11:12-12:11 UTC. Clearly, the small scale
and Harrison (2002) found changes in the wind direction atvariability of the wind speed during the second time inter-
first contact, which followed a cyclonic structure (Clayton, val (around totality) is significantly smaller compared to the
1901), while wind returned to the expected synoptic direc-other two time intervals. The decrease of the wind gustiness
tion just after the fourth contact. At Kastelorizo however, around totality can be attributed to the depression of turbu-
the wind turned to NW’ly direction about 40 min before to- lence mechanisms due to the cooling of the air and this is in
tal phase and continued to blow from this direction during full agreement with other observations (Krishnan et al., 2004;
the hours following the eclipse while the wind speed keptEaton et al., 1997; Anfossi et al., 2004), which reported a
increasing after the fourth contact. The change of the windess turbulent wind during solar eclipses. Analysis of inten-
flow at Kastelorizo was possibly determined by a combina-sive measurements from the sonic anemometer (beyond the

Atmos. Chem. Phys., 7, 5543-5553, 2007 www.atmos-chem-phys.net/7/5543/2007/
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scope of this paper), reconfirm the significant reduction of ¢ Thessalonk Wepd (10fm)©—TPendell Wepd (100m)
the turbulent kinetic energy around totality. 81 L ThessaonidWar (100[n)  © - |Pendel war (10.0m) 300
The pattern of the wind at Finokalia (Fig. 5) reveals amax- | ~ * MkopuoWdrtrom o« Thissio Welr (10.0m) 1315

imum eclipse centered symmetric pattern. The very low N
winds which prevailed before and after the beginning of the EE ]
event dropped to zero a few minutes before and after maxi-3 °
mum partiality indicating a complete depression of the mean
flow, which next regained its initial values.

At the Athens stations (Thission, Penteli, Markopoulo),
the low W’ly winds which prevailed during the pre-eclipse
hours increased progressively after the sunrise according tc
the typical diurnal pattern (Fig. 7). Wind speed did not oo+——+—+—+—+ 1~
change considerably until few minutes before the maximum ~ * ® @ 7 © @ A0 Ut e
phase when it started to decrease without any significant
change in direction. In the same figure, the temporal vari-Fig. 7. wind speed and direction variations at the Athens and Thes-
ation of wind speed and direction at Thessaloniki is shown,saloniki stations during the eclipse day. Vertical lines denote the
where a decrease of wind speed is also obvious after midenset, maximum and end of eclipse at Kastelorizo.
eclipse. A similar behavior of the wind speed during the
total eclipse of 11 July 1991 in Costa Rica, was attributed
to the decrease of the thermal gradient in the mesoscal#ith 2km horizontal grid increment. In order to avoid “spin-
and synoptic scale due to the temperature decrease (Fe#p” problems with the model, the simulation was initiated
nandez et al., 1993), while stabilization of the atmosphereat 18:00 UTC, 28 March 2006 and finished at 00:00 UTC,
accounted for wind speed decrease in Paraguay during th80 March 2006. The necessary initial and boundary condi-
eclipse of 3 November 1994 (Fernandez et al., 1996). Ac-ions were produced using the Global Final (FNL) Analyses
cording to lidar observations conducted in Athens and Theson 1.0x1.0 degree grids covering the entire globe every six
saloniki (Amiridis et al., 2007) there is evidence of a decreasdours.
of the atmospheric boundary layer height during the eclipse All six domains used by the WRF modeling system have
hours, indicating a suppression of convectional and turbuthe same vertical structure consisting ofa3levels extend-
lence mechanisms similar to that during the hours followinging from 1000 to 100 hPa. The following model parameteri-
sunset. In Athens, wind speed recovers about two hours aftetations have been chosen to simulate atmospheric physics:
the end of eclipse following the temperature variation, which
reached its maximum daily value at that time following the
natural daily course (Fig. 3). This was not the case for Thes-
saloniki where temperature did not recover and nor did wind
speed.

+ 270
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Wind Spe

34 4135

- 90
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— The Monin-Obukhov (Eta) scheme for surface layer
physics (Monin and Obukhov, 1954; Janjic, 1990,
1994),

— the Mellor-Yamada-Janjic TKE scheme for turbulence
in the PBL and in the free atmosphere (Janjic, 1990,

3.2 Model simulations 1994),

3.2.1 The WRF model — the Ferrier (new Eta) microphysics scheme was used in

order to simulate atmospheric microphysics’ procedure

The numerical simulations were carried out using the (Ryan, 1996),

Weather Research and Forecast (WRF) model, version 2.1.2,

which has been under development, for the past few years, by _ the Rapid Radiative Transfer Model — RRTM (Mlawer,

National Oceanic and Atmospheric Administration (NOAA), to do with long wave radiation and the Dudhia scheme
the National Centers for Environmental Prediction (NCEP) (Dudhia, 1989) for the short wave. In this specific case
and qther research groups. _ _ the radiation module ran every 5 min due to the fact that

Using the capability of WRF for multiple nesting, the parameterization of the eclipse was inserted in this mod-
model ran for six domains (Fig. 1). The large domain ule as will be described below.

has 30 km resolution extending from°3to 46° N and 153

to 35°E. The second domain covers the broader area 08.2.2 Parameterization of the eclipse

Greece, the southern Balkan Peninsula and western Turkey

with 10 km resolution. Finally, four finer domains were se- There were three major obstacles in the effort to simulate the
lected over the areas of Athens (domain 3), Thessaloniki (doeclipse and its effects in the atmosphere using a meteorolog-
main 4), Finokalia (domain 5) and Kastelorizo (domain 6) ical modeling system:
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Fig. 8. Short wave radiation reaching the surface at three grid *i&
points, one in the centre of Athens (37.9783.732) and the oth-

ers at Kastelorizo (36.02529.583) and Thessaloniki (40.633 Fig. 9b. As in Fig. 9a, but at 11:00 UTC.
22.950) for the non-eclipse (control) and eclipse runs. Observed
global radiation data at Thission (centre of Athens), Kastelorizo and
Thessaloniki are also shown. Vertical lines denote the onset, maxi-
mum and end of eclipse at Kastelorizo.

34
15E

Fig. 9c. As in Fig. 9a, but at 12:00 UTC.

4
149E

center of the shadow, which in this way was considered as a
Fig. 9a. Difference of air temperature at 2m between non-eclipsecircle moving on Earth with a specific velocity. Every time
(control) and eclipse run at 10:00 UTC in domain 2 (Greece). the radiation scheme was called (set every 5 min) the distance

of each grid point from the centre of the shadow was used in

] ) ] , ] ~a formula which calculated the reduction of solar constant
1. To insert the eclipse path into model's subroutines in agnq thus the solar insolation. The obscuration in the large

way that it would only affect a specific area on Earth's 4omain began at 09:30 UTC and ended at 13:30 UTC.
surface according to the time of the day. In order to investigate the effects caused by the eclipse on

2. To reproduce the percentage of the eclipse correspondn€teorological parameters, the WRF modeling system ran
ing to the latitude and longitude of each grid point of twice, once with the moving un_1b_ra of thg Moon in radiation
the six domains. schemes, and once with the original radiation solver.

3. To simulate the reduction of solar insolation depending3.2.3  Simulated effects of the eclipse

on the time of the day. o
Solar radiation response
The problem of simulating the eclipse was solved by varying

the solar constant used to drive the WRF’'s schemes. Thés expected, the radiation flux was the variable which was
variation was each time proportional to the distance from thefirst affected by the eclipse. Figure 8, presents the simulated
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Fig. 10a. Difference of air temperature at 2 m between non-eclipseFig. 10b. As in Fig. 10a, but at 11:00 UTC.
(control) and eclipse run at 10:00 UTC in domain 3 (Athens).

and observed time series of global solar radiation reaching™™ ' ._
the earth’s surface at three selected grid points of different*{
obscuration across Greece: one in the center of Thessalonikas.
(northern Greece), another one in the center of Athens (cen-.,
tral Greece) and a third at Kastelorizo (southern Greece). Re-_ E
sults are derived for the control (no-eclipse) and the eclipse
run at a 30-min time step. In the control run of WRF, global ™
solar radiation follows the expected diurnal path. A pro-
nounced reduction of the incoming shortwave radiation was s
simulated at all selected sites during the eclipse hours. The_,_,
percentage of reduction was proportional to the obscurationy B
percentage. At the southern site (Kastelorizo) the simulated
decrease of the solar irradiance between 09:30-11:00 UTC**
was 92%, in very close agreement with the observed (95%).+ {ass
The corresponding simulated reduction at the central ands.a
northern sites were 75% and 72%, respectively. The ob-
served reduction for the same time interval at these sites wagig. 10c. As in Fig. 10a, but at 12:00 UTC.
higher (84% at Athens and 85% at Thessaloniki) due to the

added effect of cloudiness.

23.3E 234€ 23.5E 23.6E 23.7E 23,8 239 Z4E IH1E 24.2E 24.3E 24.4E 24.5E 24.6E

_ At 10:00 UTC, the simulated temperature response is no-
Temperature and wind response ticeable mainly over southern Greece with more pronounced
anomalies over mountainous areas. A significant temperature
Due to the changes in radiation fluxes, a surface temperaturgnomaly is observed over Greece and Athens at 11:00 UTC
response is expected. The area averaged amplitude of surfaggigs. 9b, 10b) which — according to observations — is very
temperature response due to the eclipse was found to be Uglose to the time of the minimum temperature occurrence at
t0 0.9C at 11:30 UTC for domain 3 (Athens area) and up to most of the stations. The simulated temperature response at
0.7C at 11:30 UTC for the domain 2 (Greece). The effect 11:00 UTC over land areas of domain 3 is of the order of
of the eclipse in both cases was minimized by the sea, whiclp. 7°C (depending on the distance from the sea) which is in
occupied a large part of the domains selected for simulationperfect agreement with observations at the Athens stations.
The temperature anomalies between the control andt 12:00 UTC larger anomalies are observed to the north-
eclipse runs at 10:00 UTC, 11:00UTC and 12:00UTC areeast of the country (Fig. 9c) following the eclipse evolution
illustrated in Figs. 9a—c and 10a—c for domains 2 (Greecewhile in Athens area (Fig. 10c) the anomalies decrease as
and 3 (Athens), respectively. temperature has recovered substantially near the end of the
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215 - . The magnitude of surface air temperature decrease was not
—=—NoEclipse Athens WRF ' . .
e Eolipse Athells WRF : determined by the percentage of sun obscuration but by a

>< combination of several factors such as the surrounding en-

2051 ——Thissio obse

vironment and local cloudiness. Despite the larger sun ob-
scuration, coastal southern stations experienced a less pro-
nounced temperature drop mainly due to the influence of the
sea, which confined the effect of the eclipse. Surface air
temperature drop ranged from 2@ (southern stations) to

: 2.7°C (Athens), while the formation of low and thick cloudi-

165 : ness during the eclipse played an important role for the pro-

: nounced temperature drop (3® observed at the northern
station. Elevated sites experienced a faster decrease and in-

19.5 4

185

17.5 4

Air Temperature (°C)

15.5

0830 0000 0930 1000 1030 1100 1130 1200 1230 1300 crease of temperature, while at most sites the temperature
Time (UTC) minimum occurred 12—-14 min after the maximum phase of
the eclipse.

Fig. 11. Variation of temperature at 2 m at a grid point in the centre A d . f ind d b d at all
of Athens for the non-eclipse (control) and eclipse runs. Observed . ecrea_se In surfaceé wind spee WQS observed a a
temperature data at Thission (centre of Athens) during the eclips§1t€S @S eclipse progressed towards maximum phase, while

hours are also shown. Vertical lines denote the onset, maximum an@t KaSte|PriZO - Within the totality path —a significant redUQ'
end of eclipse at Kastelorizo. tion of wind gustiness was observed for a period of 40 min

symmetric to totality.

The effect of the eclipse on meteorological variables was
event. For the other domains, the temporal variation of thesimulated using the Weather Research and Forecast (WRF)
temperature difference was similar (not shown). mesoscale meteorological model. A substantial reduction of

In Fig. 11, the 2-m temperature variation at a grid point atthe incoming solar radiation, proportional to obscuration per-
the centre of Athens for the control and eclipse runs is illus-centage, was found at all domains, in good agreement with
trated. The same figure shows the variation of the observe@bservations.
surface temperature at 1.5m at Thission (centre of Athens) Strong anomalies over the land were revealed, with the
during the eclipse hours at a 30-min step. The simulatedmost noticeable meteorological effect being the drop in sur-
temperature response is of the order oPZ.&t 11:00UTC  face air temperature. The stronger temperature anomalies
(near the mid-eclipse) while the observed temperature dropvere simulated at 11:00 UTC, near the time of the observed
at Thission was 2%C. Apart from the amplitude of the tem- minimum temperature occurrence. The simulated amplitude
perature drop, the timing of the simulated response is als®f temperature drop was in very good agreement with obser-
consistent with the observations. At Finokalia, the simulatedvations at the southern and central sites. The influence of the
temperature response was °C9 somewhat lower than the sea on the eclipse effects was also revealed by WRF since
observed (2.3C) but consistent with observed differences simulated temperature response at the southern stations was
between central and southern stations. less pronounced compared to central stations.

The strong temperature signal demonstrated in Figs. 9, 10 WRF did not simulate any eclipse induced dynamic re-
wasn't associated with a pronounced dynamic response. Th&ponse.
simulated horizontal wind fields (not shown here) don’t ex-
hibit any significant difference between the control and the
eclipse runs. This is in contrast to the findings of Gross anoﬁ . . . . - ;
Hense (1999) who found a well defined signal reminiscent to ational M_eteorologlcal Service for kindly providing us W|th_

. ] : meteorological data. We also thank the Laboratory of Atmospheric
a large scale land-sea circulation, while Vogel et al. (2001)Physics and the Laboratory of Meteorology & Climatology of the

simulated a small effect on wind speed except for the slopegristotie University of Thessaloniki for providing data from their
of the mountains where the effect was more pronounced. actinometric and meteorological stations. The work of D. Melas

and Phd student I. Lisaridis has been partially supported by the
research project 03ED 344 (PENED2003) funded by the Hellenic
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Meteorological observations in Greece during the total solafEdited by: N. Mihalopoulos
eclipse of 29 March 2006, showed a strong eclipse-induced
response on all variables.
A dramatic reduction of the incident solar radiation was
observed at all sites, proportional to the percentage of the
sun obscuration.
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