Meteorologische Zeitschrift, VolL6, No. 1, 099-110 (February 2007) .
© by Gebrider Borntraeger 2007 Article

Observations and simulation of katabatic flows during a
heatwave in Iceland

HALFDAN AcUsTssonNb23, JoAN CUXART?, ANTONI MIRA% and HARALDUR OLAFSsONS235

lUniversity of Iceland, Reykjavik, Iceland

2Institute for Meteorological Research, Reykjavik, Iceland

3Icelandic Meteorological Office, Reykjavik, Iceland

4University of the Balearic Islands, Palma de Mallorca, Spain

Scurrently at Bergen School of Meteorology, Geophysical Instituteyessity of Bergen, Norway

(Manuscript received April 4, 2006; in revised form October 3,&Gxcepted October 27, 2006)

Abstract

Katabatic flows during a heatwave in August 2004 in Icelars studied using observations and a high-
resolution simulation with a numerical atmospheric mottetelation with the very high daytime tempera-
tures, weak synoptic winds and clear skies, a radiativeasar€ooling in excess of 10-I5 was observed
during the night throughout Iceland. The simulations aritigiinconditions are compared to available obser-
vations. Most of the observed winds, including patternsreeeak synoptic winds or katabatic flow interact
with orography, are reproduced well. They reveal that thabatic flow in Southern Iceland can be charac-
terized as low Froude number ‘tranquil’ flow. The simulasaiso give valuable indications of locations of
relatively strong katabatic winds where no observatioescarrently available and where katabatic flows are
presumably of importance for the local wind climate.

Zusammenfassung

Katabatische Winde wéhrend einer Hitzewelle in Island ingést 2004 werden mit Beobachtungen und einer
hochauflésenden Simulation mit einem numerischen atmaosgh&n Modell studiert. In Zusammenhang mit
sehr hohen Tagestemperaturen, schwachen synoptischeeind klarem Himmel, wurde am Boden eine
Abklhlung durch Ausstrahlung von mehr als 102@5vahrend der Nacht beobachtet. Die Simulation und
die Ausgangsbedingungen der Simulation werden mit vedtegb Beobachtungen verglichen. Die meisten
beobachteten Winde, einschlie3lich vom Gebirge erzeugtamtingsmuster bei schwachen synoptischen
Winden sowie katabatische Strémungen, sind gut reprodumied die Stromung wird durch eine niedrige
Froude-Zahl als ‘tranquil’ charakterisiert. Die Simutaten geben auch wertvolle Hinweise auf Orte mit
verhaltnismaRig starken katabatischen Winden, von deaige Beobachtungen zur Verfiigung stehen, und
wo katabatische Winde vermutlich von Bedeutung firr dasléoWéndklima sind.

1 Introduction on improving the older theories, e.gRGOGONOand
OERLEMANS (2001a,b) who extended the simple an-
Katabatic flows are a prominent feature in slopinglytical, but successful model ofRANDTL (1942), to
topography and stable boundary layers (e.guis, allow for a more realistic eddy diffusity profile. Obser-
1988). In a simple conceptual model, the flows develoations of katabatic winds have been described in var
when the air at the surface of the earth cools relativeits studies, e.g. GXART et al. (2000b); BN et al.
the air aloft, e.g. due to radiative surface cooling on cleé#002) and in particular in Iceland by ERLEMANS
nights. The cold and heavy air flows downslope in a re#t al. (1999). The observations described in the last pe
atively shallow layer due to its negative buoyancy whileer form the basis for studies of katabatic flows on the
the flow is dampened due to the turbulent drag (e@. EBreidamerkurjokull outlet glacier of Vatnajokull in Ice-
GER, 1990). However, the dynamics and thermodynart@nd, e.g. \AN DER AVOIRD and DUYNKERKE (1999);
ics of katabatic flows vary widely (MHRT, 1982) with SMEETS et al. (1999); RRMHED et al. (2004) who in-
regard to the driving and damping mechanisms. vestigated turbulence and surface fluxes in the flows an
Katabatic flows have been extensively studied af$DERBERGand RRMHED (2006) who attempted to
described by many authors. Some of the perhaps eaiedel the katabatic winds.
est theories were given byRRNDTL (1942) and EEA- This study is partly based on a similar study on the
GLE (1950). Recent studies have for example focusédand of Mallorca in the western Mediterranean sez
(CuxART et al., in press). In the complex orography of
*corresponding author: Halfdan Agustsson, Reiknistofa i veduifreeRallorca, katabatic winds are found to be of consider-
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10 layers are a challenge for any atmospheric model an
L success is in itself noteworthy. Here, we strive to de-
08 scribe the structure and extent of the relatively strong
Y katabatic winds observed during the aforementioned pe
§ 22 ] riod. The study is also expected to give valuable infor-
g |7 | mation with regard to the origin of the katabatic winds
03 \\ and how the katabatic winds interact with orography. In
0.2 — light of the considerable importance of katabatic winds
o at certain times, the study also serves as a step towards
0.0 detailed description of the wind climate in Iceland.
0 3 6 9 12 15 18 21 24

As opposed to the somewhat similar study of
SODERBERGand RARMHED (2006), which was limited
Figure 1. Relative frequency of northeasterly winds during summeg gne of the big outlet glaciers in SE-Iceland, all of Ice-
(May-Sept., 1999-2005) at Skalholt in SW-Iceland (cf. Fig. 3). |and (Fig. 3) is included here due to the apparent impor

tance of katabatic winds for the flow throughout Iceland.
_ _ _ _ For practical reasons, the current discussion is howeve
winds and the observed flow in the lowlands is organizghited to an area in Southwest-Iceland. This area i

by the surrounding orography. relatively flat with an approximate horizontal extent of

In Iceland, katabatic winds are presumably Strongegt ym x 75 km. It is surrounded by mountains and com-
during winter in anticyclonic situations with weakyjey terrain to the east and west while there is a gentl
pressure gradients, a strong radiative surface cooligne towards north and the central highlands of Icelanc
throughout the long polar night and a weak daytime sufg\yards the south, the area extends out to the Atlanti
face heating. Katabatic winds can for example be €cean. A more detailed description of the topography
pected to be of importance in relation with minimumq errain slopes than may be inferred from Fig. 3 car

surface temperature recordsofisSON 2003), which ¢, axample be found in BSRNSSON2003). The basin
are generally set in relatively flat terrain where there iS5/ is similar to that in GXART et al. (in press).

only little inflow or outflow of air at distant slopes. The 5 priori, it is difficult to state where and from where

arrival of katabatic winds into these areas can mix th& eynect katabatic flows to arrive into the area of in-
airmass verfucally, bringing down warmer air while the, st |t depends strongly on the local and large scal
outflow of air, e.g. along very gentle slopes, can be rg5,4qraphy. The smallest scales on the local slope ma
lated to the subsidence of warmer air from aloft. Bo{fly expected to influence the flow nearest the surface
mechanisms will increase the surface temperatures. \pije the flow aloft may be influenced by larger scales
Katabatic winds are however also of importance dut:4/0r more distant slopes (e.g.AMRT et al., 2001).

ing summer in Iceland, both over the glacierssE- Also, the flow depth may depend on the slope angle
MANS and RISOGONQ 2002) as well as away from,q length (e.g. KNDO and S\To, 1988; SuITH and
them as suggested byrRBMwICH et al. (2005) and indi- g v | INGSTAD 2005).

cated by observational data in Fig. 1. During summer at gection 2 is a description of the chosen synoptic sit
Skalholt in Southwest-Iceland, northeasterly winds afgion The observations used for validation of the nu:
twice as frequent during nighttime than during the day,qrical simulations are described in Section 3, while the
At least a part of this difference can be interpreted t0 Ry, of the atmospheric model is described in the fol
of katabatic origin. Here we investigate surface obser\ﬁwmg section. The simulated flow is shown and com-
tions and simulations of katabatic winds during the nighty e to available observations in Section 5. Discussion

between 11 and 12 August 2004 in the complex terraifs i Section 6 and the summary and main conclusior
of Iceland. During these days, a heatwave in Icelang, given in the final section.

was at it strongest and maximum temperature records
fell throughout Iceland, including 24.68 observed in N ol :
Reykjavik! In relation with the high daytime temper—2 The synoptic situation

atures, clear skies and weak synoptic winds, a surfasgring 11-12 August 2004, Iceland was in a region
radiative cooling in excess of 1045 was observed of high surface pressure and weak pressure gradien
(Fig. 2) throughout Iceland in spite of the relatively shogiving rise to weak north- and easterly synoptic winds
summer night (sunset and sunrise are at approx. 22 gpfy. 4). Skies were generally clear except for low-level
5 UTC, respectively, but the sun is however relativemouds or fog over the surrounding ocean and som
low on the horizon for several hours before sunset aggastal areas (not shown).

after sunrise). Simulations of such very stable boundary The analysis and atmospheric simulation (cf. Fig. 7.
upper panel) show that the airflow at low levels in the
Ihttp://iwww.vedur.is/vedurfar/yfirlitmolar/ north is blocked and diverted around Iceland. This is

Time (UTC)
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Figure 2: Observations of 2-m temperatutd;], at 3 locations in SW-Iceland (cf. Fig. 3).

Figure 3: Topography of Iceland (in metres above sea level) with the area of niaires, the location of section A and chosen weather
stations.

from the weather station at the top of Mount Skalafell
(approx. 770 m). There are no indications of low-level
flow over the topography, and the surface flow, espe
cially in South-Iceland, may be expected to be deter
mined by the surface and topographic forcings and only
minimally affected by the large scale flow. However, at
1000 metres above ground level, the flow can not be con
sidered to be blocked as weak north- and northeaster!
flow is simulated above most of Iceland (not shown).

3 Observations

In the area of greatest interest, i.e. Southwest-Icelanc
Figure 4: Sea level pressure [hPa] at 00 UTC on 12 August 20Qf,ere are a number of weather stations with observa
according to analysis from NCEP/NCAR. tions readily available (cf. Fig. 3). Most of the chosen

stations belong to Vedurstofa isladdshile a few sta-

tions belong to Landsvirkjuhand Vegagerdth Exclud-

further supported by the simulated flow aloft, the radigme |celandic Meteorological office
sounding at 00 UTC on 12 August (not shown) at thighe National Power Company
Keflavik upper-air station and observations (not shovimije Public Roads Administration
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Figure 5: Observations at Kalfhéll station of relative humiditiy [%], and temperature,[°C], at 2 metres, and wind speed[m/s], and
direction,d [°], at 10 metres.

ing Skalafell and Burfell, all the stations are located #ie vertical structure of the boundary layer (e.ceR®
low altitudes and in relatively flat terrain. Upper air obt EMANS et al., 1999). Here, this is not the case and with
servations are made at Keflavik. the absence of observations aloft in the boundary laye
Observations of the 10-minute mean wind speeitljs difficult to directly study the katabatic flows. Meso-
wind direction, temperature and relative humidity areale modeling is a natural alternative.
available at 10-minute intervals from all stations, ex- The 24 hours from 12:00 UTC on 11 August 2004
cluding Keflavik. The temperature and relative humidityntil 12:00 UTC the following day are simulated with
are observed at 2 metres above ground level, while ttne Meso-NH atmospheric model{EOREet al., 1998).
wind is either observed at 10 m or at the top of a 6-ithe model can be applied to very different scales
mast raised approx. 1 m above its immediate surroundnging from studies of synoptic disturbances to very
ings (Gullfoss and Skélholt stations). All data is checkesinall scales, i.e. large eddy simulations (LES). In fact
for errors at Vedurstofa islands. the performance of the model in the stable boundan
Examples of observations at Kalfholl are shown ilayer regime has recently been tested extensively (e.
Fig. 5. The strong diurnal oscillation is evident in alliMENEZ and QJXART, 2005; GJXART et al., in press;
variables, i.e. temperature, relative humidity and win@UXART and JMENEZ, in press).
as well as an inverse correlation between temperatureHere, the model is run on one domain with a hor-
and relative humidity (correlation coefficient of —0.96izontal grid size of 4 km (Fig. 6) which is compati-

where —1.0 is complete inverse correlation). ble with the HRAS-system which is used in operational
weather forecasting at Vedurstofa Islanda. £BssoN
4 Simulation setup et al., 2006). Analysis from the European Centre of

Medium-Range Weather Forecasts (ECMWF) are use
Previous studies of katabatic flows in Iceland beneés initial conditions and to force the model at its bound-
from the existence of a dataset including observationsasfes.



Meteorol. Z., 16, 2007 H. Agustsson: Katabatic flows during a heatwave in Iceland 103

Table 1: The mean observed wind spesgan: [m/s], as well as 200
the mean and standard deviation of the difference of observed and 180
simulated wind speed [m/s] and directiond [°], mean, ¢ 4) and
sda( 1), respectively (cf. Figs. 8-10).

160C

140¢

Station Gullfoss Arnes Kalfhéll 1200
mean; [m/s] 3.4 2.5 2.5 100¢
meanas [m/s] 0.6 0.2 0.9 500
sdas [m/s] 1.0 2.0 1.6
600
meanag [°] 20 40 —26
Stag [°] 119 116 70 400
200
0
Z [m]

As in CUXART et al. (in press), a high vertical resolu- o . .
tion is used near the surface. The model uses 85 vertigghre 6: Terrain heightZ [m], at a horizontal resolution of 4 km.
levels with a spacing of 3 m near the surface, increasing

upwarqls t(.) the model top at 300 hPa. Th|§ fine Vert'cﬁé)servations of sea surface winds, derived from the Se:
resplutlon IS n(_eeded to capture all the d_eta||s of the kav@i’nds scatterometer aboard the QuickSCAT satéllite
g_’?}lcfv:lIoev\vlz|\;\Ih'll'chheptrheics:trr]neaszl)(/)]9tehveeIf(ljopmllg ?T?:;I/I%v;/ Igz?i?ldicate' that the large scale surface flow _(upper pgnel
order of tené of metres with the nose of the jet abon_e'g' 7) is well captu.red by the atmospheric simulation
50 metres (e.g. GXART et al., 2000b) while it may \(ﬁot shown). In partlcular,' the decelerated surface flow
also be shallower and thinner as observed on the Vatija21d Off North-lceland is well presented by the at-

spheric simulation, as well as the currents in the cen

jokull glacier and described in e.g.AW DER AVOIRD t : : :

. . .~ . tral highlands and on the big glaciers, to the extent the
and DUYNKERKE (1999). The high verthal resol_utlon 'Scan be validated on the relatively data sparse glacier
computationally very costly due to the increasing nun)-

) . : nd mountains. The greatest differences are observe
ber_of grid points and very_short timesteps needed (%Se'ar complex topography, e.g. the narrow fjords anc
pecially near steep mountain slopes). ’

Here, the relevant physics schemes are the ra é@ep mountains, and are presumably related to sub-gr
tion scheme adapted from GRCRETTE(1990), a flux- atures which are poorly resolved by the model at the

corrected second order centred advection scheme gﬁérent resolution. The accuracy of the simulated large
ISBA soil scheme (IOILHAN and RANTON, 1989) le flow is indeed deemed more than adequate to a

. . low for a thorough investigation of the local flow in the
which forecasts the temporal evolution of surface f|UX$89ion of interest in Southwest-lceland
& :

and parameters, and finally the turbulence scheme The simulation appears to generate gravity driver

glin)i(r?RTleﬁt t?\ll (g%%oszuvffharﬁzejg:gzzgt'Lfggg)ergurrents in basins at several scales (lower panel, Fig. 7
g leng RE, ate in the night, the largest currents are northeasterl
as a closure parameter and only the vertical part of t

turbulence activated, as is appropriate at this horizon d descend from the central highlands into the region c
' pprop interest, near the stations of Arnes and Gullfoss. Smalle

resolution. currents are generated on the slopes of many of the su

'?‘ nea:jly idimiﬁal simulation to thlis stu%ly IhF?S bee unding mountains, but are difficult to verify as they
performed with the MM5 mesoscale model K& L . . . g
et al., 1994) of PSU/NCAR. An intercomparison of thr;(‘) not pass any of the observation sites. The evolutiol

) L Gf the surface flow appears to be best captured at th

:ﬁ:u;::sofog g}li;}g’o ;noedrelHScSVE\r;gfr \;v;?/mbi::;'rt I?ebsi)IItZ f’éllfhéll automatic station (Fig. 8). The wind direction
PEe [Paper. ' P y & well captured and especially the veering of the wind

the MM5-simulations support the results of this study.from southwest to northeast in the early evening, an

back again to southwest in the late morning. The wind

5 The simulated flow speed appears accurately simulated and is only unde
estimated during the early evening of 11 August. There
5.1 The surface flow are as well indications that in some cases, the simulatio

captures correctly some of the variability with a period

Near the end of the night, i.e. at 05:00 UTC on 12 Awsimilar to 1 hour. There is also reasonably good agree
gust 2004 the surface flow at 10 m (Fig. 7) is relativeljment between the simulation and observations at Gull
stationary and the structure varies little with time. foss and Arnes (Figs. 9 and 10). The greatest errors
Comparison with observations from automatic sta-
tions spread throughout the whole of Iceland and whttip:/manati.orbit.nesdis.noaa.gov/hires/
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Figure 7: Simulated surface windf, [m/s], (colour scale and arrows) at 05:00 UTC on 12 August 2004h@rwhole simulation domain
(upper panel) and a subdomain in SW-iceland (lower panel, same &edn@gion in Fig. 3). Also marked are locations of 3 weather
stations. Black lines are terrain contours.

these stations are related to the timing of the turning wind direction are partly related to the relatively large
the wind. A quantative summary of the comparison bdirectional variability of weak winds.

tween observed and simulated surface wind in Figs. 8— As for the large scale flow (upper panel, Fig. 7), most
10 is given in Table 1. Observed surface winds are ofthe errors in the simulated flow in SW-Iceland (lower
average underestimated while the large deviations of fnel, Fig. 7 and Figs. 8-10) may be accounted for b
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Figure 8: Simulated and observed wind speédm/s], and wind directiond [°], at the Kalfhdll automatic station.

Figure 9: Simulated and observed wind speédm/s], and wind directiond [°], at the Arnes automatic station.

sub-grid topography. It can be argued that a horizontah error in the initial or simulated surface conditions but
resolution of 4 km is not adequate for correctly reprehis is difficult to verify and partly discussed later (Sec-
senting the topography. In this context, the poorer peian 6).

formance of the model at Gullfoss and Arnes than at

Kalfholl may then be partly explained by the greatg'2 The flow aloft

topographic variability near Gullfoss and Arnes thans there are unfortunantly no direct observations of the
near Kalfholl (cf. Fig. 3). An error in the timing of theflow aloft in the region of interest, it is difficult to ver-
onset of katabatic winds may also be partly related ify the 3-dimensional structure of the simulated flow.
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Figure 10: Simulated and observed wind speédm/s], and wind directiond [°], at the Gullfoss automatic station.
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Figure 11: Vertical profiles of simulated wind speefl[m/s], above Figure 12: Vertical profiles of simulated potential temperature,
Kalfholl. 6 [K], above Kalfholl.

Satellite observations are of limited help as skies wefieig. 11). The height and strength of this maximum are
generally clear during the period and the upper-air stelatively constant during the beginning of the night al-
tion at Keflavik is too distant. However, in the earlyhough a much weaker jet appears closer to the surfac
evening above Kalfhdll, the simulation shows a wind@lowards the morning, a far stronger jet (7 m/s) appears
maximum of approx. 3 m/s at a height of approx. 100 fihe wind maxima develop in the boundary layer above
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Fig. 3) at 05:00 UTC on 12 August 2004. Distances are in metres.
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D Iml Figure 16: As in Fig. 13 but for the simulated turbulent kinetic en-
Figure 14: As in Fig. 13 but for the simulated potential temperaturgrgy TKE [J]. Note that the vertical scale is different from that in
6 [K]. Figs. 13-15.

Kalfhéll which is already stably stratified at 20:00 UTGace slope. Incidently, above the TKE maximum, the jet
and has a depth of approx. 200 m. Most of the surfaisestrongest.
cooling at Kalfhéll happens between 18:00 UTC and A northeast-southwest oriented cross-section (Fig. 3
22:00/00:00 UTC, or in excess of 4D, while the sta- passing near Arnes and Kalfhéll (cf. Fig. 3 for exact
ble boundary layer continues to deepen throughout tleeation) shows a jet at low levels directed along the
night (Fig. 12). section. The current seen at the surface in Fig. 7, be
Turbulence (Fig. 16) is confined to the jet and thiew the cross-section, is a part of this jet. The jet is de-
zones below the jet where the greatest vertical windched from the flow above, and has a vertical exten
shear is found. The mean turbulent kinetic energy is asapprox. 200 m with winds stronger than 10 m/s at
large as approx. 1 J in, and below, regions of steep sapprox. 100 m above ground level. The current is thin-
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ner and more elevated from the surface near Kalfhél$ in Fig. 12. This phenomenon may have several poss
than further upstream. The jet is found in the stable ndale explanations. For example the downwards turbulen
turnal boundary layer, where there is a strong verticalixing of warmer air due to the arrival of katabatic flows
gradient in the potential temperature, and just below tbe perhaps the release of latent heat because of coolir
residual layer, i.e. the previous daytime neutral boundnd saturation of water vapour at the surface. Indication
ary layer (Fig. 14). The top of the residual layer is at appf both processes may be seen in observations from tt
prox. 2000 m.a.s.l., as is readily seen in the water vapdtalfhéll automatic station, i.e. Fig. 5.

mixing ratio (Fig. 15), while it is not as evident in the The height and the depth of the flow above Kalfholl

smoother potential temperature field. (Figs. 11-16) is considerably greater than in e.g
CUXART etal. (in press) or 8ITH and KXYLLINGSTAD
6 Discussion (2005). This is presumably related to the length of

the slope, which is far longer than in the previously

Gravity flows are generated and governed by surfaggntioned studies, but katabatic flows tend to deepe
forcings, e.g. surface cooling and turbulent drag, in st&ith distance along the slope. Also, the stably strati-
bly stratified boundary layers as opposed to synoptic figd boundary layer is deeper in the lowlands than ir
mesoscale pressure gradients (e.AHAT, 1982; Es-  the mountains and central parts of Iceland (cf. the struc
GER, 1990). A correct description of the surface chature at low levels in Fig. 14). This is partly in agree-
acteristics and forcing mechanisms is therefore nec&#ent with SaITH and KYLLINGSTAD (2005) where
sary in a numerical atmospheric simulation. For exarthe slope flow and stably stratified boundary layer may
ple, poorly initialized surface temperatures and/or moigeepen downstream of locations of where a steep surfa
ture can generate errors in the timing and amount $ppe changes to a more gentle slope. The flow of the je
surface cooling, which directly affects the generatiodbove the apparent cold pool downstream of Kalfholl is
of gravity flows, their strength and the timing of theigimilar to what is observed in the study ob&ART et al.
onset. Therefore, a first attempt was made to compé4ite press). The intrusions of moister air at both ends o
observed radiative surface temperatures, prepared fré@gtion A in Fig. 15 are related to inflow of moister air
NOAA-satellite images, with the simulated temperaturgloft from the north and at all levels from the west. There
The temperatures show similar characteristics with ta@pears to be no reason that this moist inflow should af
main structures well captured (not shown), but the coriect the surface flow. The strong turbulence below the
parison of observed and radiative surface temperatujels upstream of Kalfholl, is much stronger than simu-
is, however, by no means simple and is the subject ofaded in the study of GXART et al. (in press). Where
different study (MRA et al., 2006). present, the turbulent mixing prevents the surface laye

In Southwest-Iceland, southwesterly or what may eom decoupling from the layer above, and contributes
considered upslope winds are observed at many statié®gards a more accurately simulated surface layer.
late in the day, but the wind turns towards northeast, Following the scale analysis in MiRT (1982) the
or downslope, in the early evening (e.g. Figs. 8—1®imulated gravity currents can be classified accordin
The observations and the atmospheric simulation ind®the dominant driving and damping mechanisms. The
cate that the daytime winds may to some extent be g@eviously discussed flow above Kalfhdll has a small
lated to sea breezes, which are indeed common in coakt@lude numbefr =U?2/g’'H < 0.1. Herel is the char-
and inland regions of Iceland under similar conditiorgcteristic velocity of the katabatic flow, the flow thick-
(e.g. DNSSON 2002). During the evening and night th&ess,g’ = gA8/6 is the reduced gravity where buoy-
winds are presumably of katabatic origin, as in Fig. Bncy has been taken into account d®lis the differ-
generated by surface cooling in the central highlané§ce in potential temperature in the gravity flow and
and the surrounding mountains. This may be further supitside it,6p. The mean slope angle is on the order of
ported by observations of changes in relative humidi€/5°. MAHRT (1982) defines a katabatic flow in this
which can be connected with the advection of cold arigigime as a “tranquil flow” where the buoyancy accel-
moist air or mixing of warmer and drier air from alofteration is balanced by the retarding effect of the ther.
by katabatic winds. However, this is difficult to verify agnal wind contribution due to increasing depth and tem-
changes in relative humidity may also be a direct conggerature deficit along the slope, i.e. increase in stabil
quence of changes in surface heating/cooling, as is p&- This balance leads to weak flows which retain their
haps the case for the observations shown in Fig. 5. small Froude number. Looking at much shallower anc

It is interesting that at Kalfholl, as well as some othd@ster downslope flow on the Vatnajokull glacier, e.g.
stations, none or little surface cooling is observed afown the Skeidararjokull outlet glacier, we find a mean
ter a certain time during the night (cf. Fig. 5), while th&lope in excess of°2and a Froude numbefr ~ 3. The
observed temperature drops constantly at other statidgh€rmal wind contribution is far smaller than the buoy-
There are in fact also indications of a reduced simulat@ficy acceleration and is not of importance here. The rel
surface cooling rate during the latter half of the night, i.@tively fast flow classifies as a “shooting flow”, where
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the acceleration due to negative buoyancy is primarilyhere and how weak synoptic or katabatic winds inter-
balanced by the downslope advection of momentum aact with orography.

turbulent drag at the surface. This is partly in accor- Throughout the period simulated here, strong kata
dance with a previous study of a katabatic current dratic flows are seen descending in all directions of the
the Breidamerkurjokull outlet glacier which was fountdarge Icelandic glaciers. This may be taken as indica
to be in the same regime (®ERBERGand RRMHED, tions that in the absence of synoptic forcing, katabatic
2006). The steep, constant slope, flow imi®+ and winds will develop on the large glaciers and descenc
SKYLLINGSTAD (2005) is indeed of the same type, as idown all their large outlet glaciers with a significant
the katabatic flow analyzed inUXART et al. (in press), fetch (slope length). This is partly in agreement with pre-
although the advection term is only found to be of imvious studies on the Icelandic glaciers (e.(ANVDER
portance at some points in the flow. The advection addyoIRD and DUYNKERKE, 1999; CERLEMANS and
turbulent drag are of much less importance in the thick&RrISOGONQ 2002; RRMHED et al., 2004; ®DER-
and slower “tranquil flow” above Kalfholl. BERG and RARMHED, 2006), where gravity flows on

. the Breidamerkurjokull outlet glacier of Vatnajokull are
7 Summary and conclusions studied. BORNSSONet al. (2005) found similar results
In this study, katabatic flows during a heatwave in Icdor several of the large outlet glaciers of Vatnajokull but
land have been studied and simulated with the Meso-N#$0 showed that the katabatic flows may strengthen, ar
atmospheric model and observations. directly lead to enhanced melting at the glacier snout:

In a weak northerly synoptic flow, North-Iceland actéhen temperatures in the immediate surroundings of th
as a barrier on the impinging flow at low levels. In spitglaciers are high, such as during the heatwave.
of the short summer night, a surface radiative COOIiz&Cknowled ements
in excess of 10-1% is observed and katabatic wind 9
develop and descend into South-Iceland from the cene acknowledge the European Centre for Medium
tral higlands and the surrounding mountains. These n®ange Weather Forecasts (ECMWF) for the access t
turnal wind systems are organized by the local orogrire neccessary computing facilites, through the interme
phy, and at low levels there appears to be no or litttHation of the Spanish Meteorological Service (INM).
interconnection with the flow on a meso- or synoptig/e thank Maria-Antonia Jiménez (UIB) for invaluable
scale. In general the simulations appear to be in gohdlp regarding the Meso-NH simulations and Daniel
agreement with the available surface based observatiaviartinez (UIB) for fruitful discussions. The study was
where the flow can be classified as “tranquil” accordingartly funded by Rannsoknanamssjodur islands, Lands
to the analysis by MHRT (1982). The simulations in- virkjun and Minningarsjédur Helgu Jénsdottur og Sigur-
dicate that the strongest and deepest currents desd@ul Kristjanssonaf. The helpful comments of two
into the region of interest from the central highlands ianonymous reviewers are appreciated.
the north. These flows persist throughout the night with
weaker and/or shallower flows descending into the rReferences
gion from the surrounding, steep mountains.

As in CUXART et al. (in press), the low-level sim-BJORNssON H., 2003: Eigenvectors of local topography
ulated flows vary in a slow and continuous manner asin Ice]aqd. - Spientific Report 03007, Ve_6urstofa Islands,
opposed to the observations which show sudden changeeykiavik. Available at http://www.vedur.is/utgafa/
in the flow configuration. Also, this appears to be a cor‘g—Jgre'nalrgelrdlr

. . o ORNSSON H., S. QUPMUNDSSON, F. PALSSON, 2005:
mon feature of simulations of stably stratified boundary” ..o patic winds on Vatnajokull ice cap, Iceland and their

layers (WXART et al., in press; MENEZ and QUXART, impact during warmer climate. — Ann. of GlacidR, 291—
2005). 296.
As far as the authors are aware of, this is the onBOUGEAULT, P., P. LACARRERE, 1989: Parameterization of
study of this kind of both regional and local winds in orography-induced turbulence in a mesobeta-scale mode

a stably stratified boundary layer in Iceland, away from —Mon. Weather Revi17, 1872-1890. _

the main glaciers. The study indicates where strong ka%”io""";”c."" D.H., Li BlA" G.G. B‘JlAR.NASON’ 2?05; H'O?h' .
b i can b Sxpecad and 1 gues valable ad“=00en P9ETe e vt o et g
tional information towards the beginning of & mappingxart, J., M. A. IMENEZ, in press: Mixing processes in
of the wind climate in Iceland (BGNVALDSSONand g nocturnal low-level jet: An LES Study — J. Atmos. Sci.
OLAFssSON, 2005). We note that due to katabatic flowsGuxarT, J., P. BOUGEAULT, J.-L. REDELSPERGER2000a:

a relatively large difference in the meteorological vari- A turbulence scheme allowing for mesoscale and large:

ables may be observed at two nearby locations in theeddy simulations. — Quart. J. Roy. Meteor. Sb26 1-30.
same basin. This is of concern in the context of the reﬂﬁe Icelandic Research Fund for Graduate Students, The Nation:

resentativity of a meteorological station during anticysgwer Company and The Memorial Fund of Helga Jonsdottir anc
clonic and weak wind situations. Also, the study showgurlisi Kristjansson.



http://www.ingentaconnect.com/content/external-references?article=0027-0644()117L.1872[aid=3076338]
http://www.ingentaconnect.com/content/external-references?article=0260-3055()42L.291[aid=7721520]
http://www.ingentaconnect.com/content/external-references?article=0260-3055()42L.291[aid=7721520]
http://www.ingentaconnect.com/content/external-references?article=0035-9009()126L.1[aid=2991545]
http://www.vedur.is/utgafa/

110 H. Agustsson: Katabatic flows during a heatwave in Iceland Meteorol. Z., 16, 2007

CUXART, J., C. YAGUE, G. MORALES, E. TERRADELLAS, Mesoscale basin flows in the nocturnal boundary layer:
J. OrBE, J. CaLvO, A. FERNANDEZ, M. R. SOLER, modeling and verification. — In: Proc. 17th symposium on
C. INFANTE, P. BUENESTADO, A. ESPINALT, H. E. Do- boundary layers and turbulence, San Diego (CA), USA.

ERGENSEN J. REES J. VILA, J. M. REDONDO, I. R. MORCRETTE J.-J., 1990: Impact of changes to the radiation

CANTALAPIEDRA, L. CONANGLA, 2000b: Stable at- transfer parameterizations plus cloud optical propeities

mospheric boundary-layer experiment in Spain (SABLES the ECMWF model. — Mon. Weather Rei18 847-873.

98): A report. — Bound.-Layer Meted6, 337—370. NOILHAN, J., S. RANTON, 1989: A simple parameteriza-
CUXART, J., M. A. JMENEZ, D. MARTINEZ, in press: Noc-  tjon of land surface proccesses for meteorological models

turnal katabatic and mesobeta basin flows on a midlatitude_ pon. Weather Revl17, 536-549.

island. — Mon. Weather Rev. OERLEMANS, J., B. GRISOGONQ 2002: Glacier winds and
EGGER, J., 1990: Thermally forced flows: Theory. — InL8- parameterisation of the related surface heat fluxes. —sTellu

MEN, W. (Ed.): Atmospheric processes over complex ter- 54A(5), 440-452.

rain, American Meteorological Society Monographs, OgrLEMANS, J., H. BIORNSSON M. KUHN, F. OBLEIT-

43-57. o NER, F. FALSSON, C. J. P. P. BEETS, H. F. VUGTS,
FLEAGLE, R. G., 1950: A theory of air drainage. — J. Atmos. . D. WoLDE, 1999: Glacio-meteorological investigations
Sci. 7(3), 227-232. on Vatnajokull, Iceland, summer 1998: An overview. —

GRELL, G. A., J. DupHIA, D. R. STAUFFER, Bound.-Layer Meteo92, 3-26.

1994: A Description of the Fifth—GenerationoLAFSSON, H., N. JONASSON S. KARLSDOTTIR, 2006:
PennState/NCAR ~ Mesoscale Model ~ (MMS). - yaypplausnar reikningar til almennrar spagerdar (HRAS)
Tech. Rep. NCAR/TN-398+STR, National cen- lokaskyrsla. — Technical Report 06011, Vedurstofa islands

ter for atmospheric research, 122 pp. Available at . jiavi : i ;
) vkjavik. 27 p., available at http://www.vedur.is/utgaf
http://www.mmm.ucar.edu/mm5/docl.html (May 2004). greinargerdir/ (March 2006).

GRISOGONQ B., J. CERLEMANS, 2001a: Katabatic flow: PA

Analytic solution for gradually varying eddy diffusivite RMHED, O., J. GERLEMANS, B. GRISOGONQ 2004: De-
_J. Atmos. Sci58(21), 3349-3354. scribing surface fluxes in katabatic flow on Breidamerkur-

—, —, 2001b: A theory for the estimation of surface fluxes Jolkéjll_’ Iceland. — Quart. J. Roy. Meteor. Sd3Q 1137—

Tz?imé);z ka2t7azb§ti%7fl3os\3/vs. — Quart. J. Roy. Meteor. S0gNpT | L., 1942: Fihrer durch die Strémungslehre. —
B(578), - : Vieweg u. Sohn, Braunschweig, 648 pp.

o o e A Sontary e v e St KOCNVALDSSON O, H. QLAFSSON 2005 Numerica im-
ulations of the climatology of winds in the complex terrain

mogorov theory: Range of applicability. — Bound.-Layer of Iceland. — In: ICAM/MAP 2005, Croatian Meteorologi-

Meteor.115 241-261.
JONSSON T., 2002: Sveiflur I; Frumstaed athugun %McsElgguglale,gglla—GF%.G DYNKERKE. H. F. VUGTS

dae'g'ursve|flu vindhrada og vmdattgr ! Junlmanuél. n Scr 1999: Observed wind profiles and turbulence fluxes ovel
entific Report 02030, Vedurstofa Islands, Reykjavik, 12 5 jce surface with changing surface roughness. — Bound
pp. Available at http://www.vedur.is/utgafa/greinardjefr Layer Meteor92, 101-123.

(March 2006). SMITH, C. M., E. D. XYLLINGSTAD, 2005: Numerical sim-
—, 2003: Langtimasveiflur VI; Kuldak®st og kaldir dagar. — ulation of katabatic flow with a changing slope angle. —

Scientific Report 03033, Vedurstofa islands, Reykjavik, 37 pjon. Weather Revl33 3065-3080.
pp. Available at http://www.vedur.is/utgafa/greinardjefr SODERBERG S., O. RRMHED, 2006: Numerical modelling

(March 2006). , _ of katabatic flow over a melting outflow glacier. — Bound.-
KONDO, J., T. $TO, 1988: A simple model of drainage flow | ayer Meteor120(3), 509-534. -

on asslope. —Bound.-Layer Meted&(1-2), 103-123.  gryi R. B., 1988: An introduction to boundary layer me-
LAFORE, J. P., J. $EIN, N. ASENCIQ P. BOUGEAULT,  teorology. — Kluwer Academic Publishers, Dordrecht, 670
V. DucrocqQ J. DURON, C. HSCHER P. HEREIL, )
P. MAsSCART, J. P. INTY, J. L. REDELSPERGER SUN, J., S. P. BIRNS, D. H. LENSCHOW R. BANTA,
E. RICHARD, J. V.-G.DE ARELLANO, 1998: The Meso- R NEwWsOM, R. COULTER, S. FRASIER T. INCE,
NH Atmospheric Simulation System. Part I: Adiabatic for- ¢ Nappq, J. QUXART, W. BLUMEN, X. LEE, X.-Z. Hu,
mulation and control simulations. — Ann. Geophy8.90-  2002: Intermittent turbulence associated with a density cu
109. ) rent passage in the stable boundary layer. — Bound.-Laye
MAHRT, L., 1982: Momentum balance of gravity flows. —J. peteor.105 199-219. -

Atmos. Sci.39, 2701-2711. . )
MAHRT, L., D. VICKERS, R. NAKAMURA , M. R. SOLER, VAIN DER AV?(IFEDB If fIID' G'DDUYN.FERKE’ bl|99t9. Julrbu .
J. UN, S. BURNS, D. H. LENSCHOW 2001: Shallow ence in a katabatic flow. Does it resemble turbulence ir

drainage flows. — Bound.-Layer Mete@01, 243-260. stable boundary layers over flat surfaces? — Bound.-Laye
MIRA, A., J. QUXART, A. LUQUE, J. A. GUIJARRO, 2006: Meteor.92, 39-66.



http://www.ingentaconnect.com/content/external-references?article=0006-8314()96L.337[aid=2645428]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()96L.337[aid=2645428]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()96L.337[aid=2645428]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()115L.241[aid=7721526]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()115L.241[aid=7721526]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()101L.243[aid=6293596]
http://www.ingentaconnect.com/content/external-references?article=0022-4928()39L.2701[aid=5744926]
http://www.ingentaconnect.com/content/external-references?article=0022-4928()39L.2701[aid=5744926]
http://www.ingentaconnect.com/content/external-references?article=0027-0644()118L.847[aid=1968511]
http://www.ingentaconnect.com/content/external-references?article=0027-0644()118L.847[aid=1968511]
http://www.ingentaconnect.com/content/external-references?article=0027-0644()118L.847[aid=1968511]
http://www.ingentaconnect.com/content/external-references?article=0027-0644()117L.536[aid=658941]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()92L.3[aid=5744982]
http://www.ingentaconnect.com/content/external-references?article=0035-9009()130L.1137[aid=7357068]
http://www.ingentaconnect.com/content/external-references?article=0035-9009()130L.1137[aid=7357068]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()105L.199[aid=6218201]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()105L.199[aid=6218201]
http://www.ingentaconnect.com/content/external-references?article=0022-4928()58:21L.3349[aid=7721522]
http://www.ingentaconnect.com/content/external-references?article=0022-4928()58:21L.3349[aid=7721522]
http://www.ingentaconnect.com/content/external-references?article=0022-4928()58:21L.3349[aid=7721522]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()120:3L.509[aid=7721521]
http://www.ingentaconnect.com/content/external-references?article=0006-8314()120:3L.509[aid=7721521]
http://www.ingentaconnect.com/content/external-references?article=0035-9009()127:578L.2725[aid=7086088]
http://www.ingentaconnect.com/content/external-references?article=0035-9009()127:578L.2725[aid=7086088]
http://www.mmm.ucar.edu/mm5/doc1.html
http://www.vedur.is/utgafa/greinargerdir/
http://www.vedur.is/utgafa/greinargerdir/
http://www.vedur.is/utgafa/-greinargerdir/
http://www.vedur.is/utgafa/-greinargerdir/

