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Abstract

Motivated by the excellent skills of a new Lagrangian diagjsonethod to identify the contributions to the
moisture budget over a region¥8HL and AMES, 2004, 2005), this study examines the main areas where
there is net uptake of moisture in airmasses over Icelaneinféthod computes budgets of evaporation minus
precipitation by calculating changes in the specific hutypidiong back-trajectories for the previous 10 days.
We tracked the origin of all air-masses, including preeifiity airmasses, residing over Iceland during a
period of five years (2000-2004). Air transported into theldodic waters has a large uptake of water over
the Norwegian Sea in the preceding first three days and frem\estern-North Atlantic in the range of
3-10 days. Concerning the days with observed precipitatid®\W-Iceland, it was found that the major net
uptake of moisture was the final northward segment of the Stwéfam and the Atlantic waters immediately
surrounding Iceland.

Zusammenfassung

Motiviert durch die ausgezeichneten Fahigkeiten einerenduagrangeschen-Diagnosemethode zur Iden-
tifizierung der Beitrage zum Feuchtigkeitshaushalt UbaerRegion ($30HL und AMES, 2004, 2005),
analysiert diese Studie die Hauptgebiete in denen eineoMettichtigkeitsaufnahme der Luftmassen Uber
Island stattfindet. Diese Methode berechnet den Nettapelea Evaporation abziglich des Niederschlags,
indem sie Anderungen in der spezifischen Feuchte (iber Riitstvagektorien fiir die vorhergehenden 10
Tage errechnet. Hiermit haben wir den Ursprung aller Lu$tsea, einschlie3lich regentréachtiger Luftmassen,
die sich Uber Island wahrend einer Periode von finf Jahr@®0:22004) befanden, zurtickverfolgt. Die Luft-
massen, die in die islandischen Gewasser transportiedamenehmen eine grol3e Menge Feuchtigkeit tber
dem norwegischen Meer in den vorhergehenden drei Tages@wi tber dem Nordwestatlantik Gber einen
Zeitraum von 3—-10 Tagen. Hinsichtlich der Tage mit beobetelnt Niederschlag Uber Stdwest-Island wurde
die héchste Nettofeuchtigkeitsaufnahme Uber dem nostichAbschnitt des Golfstroms und den atlanti-
schen Gewéssern, die Island direkt umgeben, gefunden.

1 Introduction jor sources, evaporation and advection. In general terms,
studies dealing with this topic can be grouped into four
There is considerable interest in the meteorology and hyategories:
drology communities on the origin of the moisture and a) Studies that calculate recycling ratios, the frac-
the precipitation that occurs over a given region. This igi@n of precipitation that originates locally within the
topic of clear practical interest because water is essent@jion (e.g. ETAHIR and BRAS, 1996; TRENBERTH,
for life, but it also addresses important scientific que$999). Such studies can be particularly sensitive to both
tions (TRENBERTH et al., 2003). It is now commonly the length scale and the assumption of a well-mixed
accepted that the precipitation that falls in a region hagmosphere; however their main limitation is that they
one of the following origins: 1) moisture already in theannot determine the specific origin of non-local water.
atmosphere, 2) advection of moisture into the region by b) Studies that use general circulation models and
the winds or, 3) recycling. Moisture recycling refers tevater vapour tracers to assess the major evaporating
the process by which a portion of the precipitated waegions that contribute to water precipitating in a dif-
ter that evapotranspired from a given area contributiesent region (e.g. NMAGUTI, 1999; BoSILOVICH et
to the moisture over the same area. Over long period$, 2003). In this approach the source regions must be
the first source contributes little, so there are two mprespecified and the use of models instead of analyses
makes the method very sensitive to errors in the simula-
_fign of the hydrological cycle.
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el el L) ®— 23l S0, climatological surface moisture fluxes (precipitation
and evaporation) have been estimated using data from
surface meteorological stationsgSREzZEand HURST,
..Js 2000), or rawinsonde data AMAMURA and QDRT,
Aé:éf.’-%‘gf'lﬁTERégt 1988; MA_SUDA, 1990; &RREZEet al., 1994)._Gridded
i & i imeeeils o reanalysis dataset from NCEP-NCAR (National Cen-
o ter for Environmental Prediction — National Center for
Atmospheric Research) and from ECMWF (European
Center for Medium-Range Weather Forecasts) Reanaly-
sis (ERA-40) have also been used to calculate moisture
budget products, like precipitable water, precipitation
(P), evaporationk) andP — E (e.g., BROMWICH et al.,
2000; RREZEand HURST, 2000; GJLLATHER et al.,
2000). The first study using satellite moisture retrievals
to examine the Arctic atmospheric budget was made
: : by GRovEs and RRANCIS (2002) who have combined
_ edii these data with reanalysis wind fields to calculate daily
-26 =24 -22 =20 -18 -18 —-14 L =10 =5 .

moisture transport and convergence throughout the Arc-
tic basin, which cannot be done with only rawinsonde
data. In general terms all these studies agree that south-
westerly fluxes are the main contribution for moisture

c) Studies based on integrating the atmospheric mg®€r the Arctic. According to previous studies based
ture fluxes across the region boundaries (e.geiCet OnN isotopes it has been shown that light water, associ-
al., 1994: Lu and STEWART, 2003; FERNANDEZ et al., ated with precipitation in cold areas, has typically been
2003). These are able to quantify inflows and outflows 88Nt to the atmosphere by convection, or convection-like
moisture from and into a region but not the geographidlocesses (e.g.A3, 1996; 341TH, 1992). In fact, water
sources of the moisture crossing the region boundarfd¥ering the atmosphere in the tropical regions, and be-
net convergence and divergence that calculate verticdllg transported northward, will typically put down such.
integrated atmospheric moisture. a pattern. R_eversely, water entering the atmosphere in

d) Studies that quantify the transport based on trajéf€ north going southward will most likely leave another
tories (e.g., ®MP and MasoON, 1999; KniPPERTzand  Signal, reversing the heavy-light water gradient. _
MARTIN, 2005). These studies are capable of providing This paper applies the new Lagrangian diagnosis
full 3D details of where the air mass originated, but prgP€thod used by ®HL and Ames (2004, 2005) to
vide no information on how the moisture increases aigentify the main net uptake of moistur& - P) and
decreases along the trajectory affects the moisture in fHgCipitation £ —P < 0) in air masses residing over
target region, so the identification of sources is qualitieeland. Itis important to remark that in this study we
tive. identify those regions where the air acquired water va-

In a two papers work, 8oHL and AMES (2004, POr when pa_ls_sing over. To do this we wiII. tra_ck the air
2005) applied a Lagrangian diagnostic method that dRaSSes respllng over Ice]and backwarq in time to see
swers well where the moisture and the water that préghere the air parcels gain or lose moisture. Indepen-
duced precipitation in a basin came from. It is based §§ntly, we have also tracked the origin of air masses
three components; a) a comprehensive meteorologi¥4len there is precipitation over SW-lceland.
analysis dataset, b) a particle dispersion model and c) a
Lagrangian analog to the Eulerian budget method to #- Data and methods
agnose the surface moisture flux. Details of the method
are provided in the method section of the paper. Our study is based in the method developed by

To the best of our knowledge there are no spand AMES (2004, 2005), which uses the Lagrangian
cific studies about net uptake of moisture in airmassparticle dispersion model FLEXPART (B®HL et al.,
residing over Iceland. However, climatological studies998) and meteorological analysis data from the Eu-
on precipitation (RiLLIPS and THORP, 2006) or stud- ropean Centre for Medium-Range Weather Forecasts
ies about preferred storm tracks in the North AtlantiECMWF) (WHITE, 2002) to track atmospheric mois-
(TRIGO, 2006) appoint that air masses follow a tracture along trajectories. The atmosphere is divided homo-
from the southwest. The lack of specific works cageneously into a large number of so-called particles and
be partially replaced by the huge amount of literatutben these particles are transported by the model using
concerning the moisture budget over the Arctic regiothree-dimensional winds, with their positions and their

63 84 &5 86
i

62

Figure 1: Map of the analyzed region (6367 N latitude, 13—
25°W longitude).
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specific humidity(q) being recorded every six hourscomparison). They found an excellent agreement on a
The increasesge) and decrease) in moisture along global basis for the year 2000. In a recent work, the au-
the trajectory can be calculated through changegjn thors have used the same FLEXPART model to com-
with the time(e— p = mdg/dt), being(m) the mass of pute the net uptake of moisture over the Sahelian region
the particle. When adding— p) for all the particles re- (NIETO et al., 2006). In that case, the validation pro-
siding in the atmospheric column over an area we caadure was done for a 2-year period (2000-2001) com-
obtain(E — P), that is the surface freshwater flux wherparison with Eulerian results computed using data from
(E) is the evaporation an@P) the precipitation rate per NCAR-NCEP 2.8x2.5°. The good agreement shows
unit area. The method can also trg&— P) from a re- that results were robust independently of methods, re-
gion backward in time along the trajectories, choosirapalysis and scale choicesigNO et al. (2006) have
the appropriate particles for finding regions where thogene a comparison of P results also for the same 2-year
particles gained or lost moisture. It should be stresspdriod mentionedR was calculated based on the com-
that this study is about the water budget of air massagtation ofE — P whenevelE — P < 0) obtaining a satis-
prior to arriving in Iceland. The vast majority of watefactory agreement (see Figure 1 on their paper). A com-
molecules that entered into the atmospheric system havehensive description of the method is out of the scope
done so due to strong convection in the tropics and sowfethis paper and can be found imr&HL and AMES
of them are transported towards the mid-latitude regio(&004, 2005).
by the Hadley and Ferrel cells. In this work we have used the tracks of 1,398,801
The method has limitations mainly concerning thgarticles over a 5-year period (2000-2004) computed
trajectory accuracy and the fact that it uses a time derivesing ECMWF operational analysis every 6 hours (00,
tive of the humidity (unrealistic fluctuations in humidity06, 12 and 18 UTC) with a°k1° resolution and in-
could be considered as moisture fluxes). However thiiding all the 60 vertical levels of the analysis. We
use of large time periods minimizes such effects. Theced(E — P) backwards from the Iceland region (63
FLEXPART model used ECMWF operational analyse&/°N latitude, 13—-25W longitude) limiting the trans-
every 6 hours with a°&1° resolution on 60 vertical lev- port times to 10 days. Although the average residence
els. Level density is higher at lower levels, with approxime of water in the atmosphere is different for various
imately 14 model levels below 1500 m and 23 levelscations on the earth, and the residence time varies most
below 5000 m. To ensure exact mass balance, vertitkély from case to case we have taken 10 days which
winds are calculated using spherical harmonics dataigashe average residence time of water vapour in the at-
part of the data-retrieval procedures at ECMWEF. In ordarosphere (NMAGUTI, 1999). All the patrticles resid-
to account for turbulence, the FLEXPART model calcung over the Iceland region (Figure 1) were identified
lates the trajectory of the particles using analyzed windach 6 hours and tracked backwards for 10 days. For
plus random motions. In the planetary boundary laydre first trajectory time step, all the target particles re-
(PBL), these random motions are calculated by solside over the Iceland region arief — P) is the region-
ing Langevin equations for Gaussian turbulencedSL  integrated net freshwater flux. For the following trajec-
and THOMPSON 1999). These equations use the Ldery time steps(E — P) represents the net freshwater
grangian timescales and the standard deviations of thec into the air mass travelling to the Iceland region.
wind components, which are computed from ECMWW®/e calculated(E — P) on a Tx1° grid and averaged
PBL parameters (BNNA, 1982). PBL height is diag- over seasonal, annual and 5-year peri¢ls- P) values
nosed using a combined Richardson number and liftr specific days are labellddE — P),, here, sQE — P);
ing parcel technique (WGELEZANG and HOLTSLAG, shows where the particles of air over Iceland gained or
1996), while outside the PBL, turbulence is assumedIttst moisture on the second day of the trajectory. Fur-
be very small. Global datasets also do not resolve itihermore, we labelledE — P)" to the total(E — P) in-
dividual convective cells, although they reproduce thegrated over days 1 to n, $& — P)'° corresponds to
large-scale effects of convection. FLEXPART has the sum of days 1 to 10. In summary, the analysis of
number of options on how particles are generated. (B — P) values for various preceding time steps lets us
this case, the atmosphere was “filled” homogeneousigow where and when the moisture over the Icelandic
with patrticles, each representing a fraction of the totedgion was received or lost. If we repeat the calculation
atmospheric mass. Particles were then allowed to mdwuat only for days with precipitation in a target station
freely (forward in time, but this is arbitrary) with theand for particles that lost moisture in the Iceland region
winds for the duration of the simulation. The Lagrangiafparticles producing precipitation) we can identify what
diagnostics fole, P andE — P were validated by com- the air parcels have experienced before coming to start
paring results with those obtained with the Eulerigorecipitating on Iceland. Both approaches will be used
method of SoHL and AMES (2004) (see their Figure and analysed in the following section.
2 for E — P comparison and Figure 4 for precipitation
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Figure 2: Annually averagedE — P),, fields Iceland from backward
tracking, a)(E — P)1, b) (E — P), and c)(E — P)1° (10 days)?,
i.e., averaged over 10 days back.

3 Results

3.1 Regions of net uptake of moisture in air
masses residing over Iceland

lost moisture. Figure 2 shows tliE — P), fields on the
first and second day of transport (counting backwards)
and also averaged over the 10-day perigd- P)°. If

we consider only one day back in time, most of the air
resides over the North Atlantic Ocean north of 3&-
itude or over the Norwegian Sea south of 8&titude
(see Figure 4a). The valy& — P); is negative over the
Atlantic Ocean, indicating that over this region precipi-
tation dominates over evaporation, a situation that typi-
cally occurs in air masses in transit to Iceland (one of
the preferred storm tracks identified in the North At-
lantic (TRIGO, 2006)). The valudE — P); is positive
over the Norwegian Sea, indicating that particles com-
ing from surrounding oceanic areas located in the op-
posite direction to the storm-track have a strong contri-
bution from evaporation. A similar pattern in the Nor-
wegian Sea can be observed {& — P), with a log-

ical expansion of the area where air resides. The re-
gion with positive values oE — P (reddish) does not
indicate the initial origin of the water vapour particles
that arrive in Iceland, it refers to an area in which dur-
ing these previous days the particles gain moisture. The
negative/positive values over the Atlantic Ocean to the
east (west) of Greenland are due to the rise (drop) of the
air over Greenland before reaching Iceland, producing
net precipitation windward and net evaporation leeward.
Averaged over all 10 days of transport, there is a strong
moisture uptake over the Atlantic coast of North Amer-
ica. Positive values ofE — P)0 even reach the tropical
North Atlantic, the Caribbean and the Gulf of Mexico
(hereafter, Western North Atlantic region). However the
negative values ofE — P), for the first and the second
day of the trajectory in these areas indicate that part of
the moisture could be lost from the air mass through pre-
cipitation during the two days prior to reaching Iceland.
To estimate this effect objectively we have quantified the
moisture gained from day 10 to day 2 over the Western
North Atlantic area (58-4C°N latitude, 47-3C0°W lon-
gitude and 40-27N, 77°-3C°W longitude; see Figure
4a) and subtracted the moisture lost over the Southern
region of Iceland (6%-52N latitude, 40—-23°W longi-
tude; see Figure 4a) from day 2 to day 1. The amount
of moisture injected into the atmosphere in the Western
North Atlantic (246.48 krivyear) is considerably higher
than the corresponding loss of moisture over the South-
ern region of Iceland (-52.1 kityear), so we can affirm
that the Western North Atlantic is an area where the air-
masses gain moisture when passing over in direction to
Iceland. The Norwegian Sea, close to the Scandinavian
coast, continues being a region where the particles gain
moisture over the 10-days period. Although recycling is
not expected to be excessively important due to the small
size of the analyzed region and its small evaporative ca-

We tracked the air masses residing over the Icelandic R&City, the positive values ¢E —P)'% over the Icelandic
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area, see Figure 1) indicates a non-negligible recycli a) Day 1
component, that is also important two days back in tin _
(Fig. 2b). These patterns of tie — P) fields were very |
robust, so similar structures appeared when the analy |

was done on a seasonal basis. The main differences |.
curred in summer (JJA) with a lower importance bein |; .
attributed to the Norwegian Sea as moisture uptake a | " .
while a higher recycling component can be observed. |

3.2 Regions of net uptake of moisture for
precipitation falling over Iceland

In this section we repeated the analysis performed int |
previous section but considering only those days wh |~
precipitation was observed in Reykjavik (64:08N la |
21:54W lon, 52 m alt) and, additionally, considering -
only those particles that lost moisture in the entire Ic
land region(E — P <0). This method is slightly differ-
ent to that used by ®HL and AMES (2005) that in-
stead of requiring real precipitation events, added to t
condition of “particle losing moisture” the fact that the
target grid had[E — P) < —8 mm per 3 h time step. |,
We have preferred to use real precipitation days fro ||
weather stations because it gives more realistic inform |
tion about when it rained over a certain place in Icelar |:
— Reykjavik in this case —. Tracing the selected particl |
backward (Figure 3) shows th&4E — P); continues to |
be positive in the Norwegian Sea but now this is not tt | :
main region where particles gain moisture for precij |-
itation falling in Iceland. The Atlantic areas surround |
ing Iceland are now the main evaporative areas for i -
masses giving precipitation in Reykjavik, SW-Icelanc
Similar patterns can be observed (& — P)..

Averaged over all 10 days of transport, there is al:
another strong moisture uptake over the Atlantic Oce
south of 40N. Again, the region of strongly negative
(E —P)1 and(E — P)2 in the North Atlantic Ocean be-
tween 40 and 50N is caused by particles arriving from
the Atlantic Ocean south of 4N and travelling north-
eastward in the storm track direction producing precif
tation already in route to Iceland. In summary, these r
sults indicate two areas where airmasses gain moist
for precipitation falling over Iceland, the nearby Atlantic
areas close to the region and transport from the Atlan |;
Ocean southward of 408 and the area close to the At-
lantic American coast in the final part of the northwar

branch of the Gulf current (West-Northern Atlantic re< 050_ T - o0

gion). -0.5 -0.2 -0.1 -0.05 -0.01 0.01 0.05 0.1 0.2 0.5
Scale (mm*10 / day”2)
3.3 Quam'f'catlon of the water vapour Figure 3: Same as figure 2, but calculated only for precipitation par-
transport ticles withdg(dt)~! < 0 g Kg~1 (6hr)~1 for the days with precipi-

Another interesting possibility with the Lagrangiaffion in Reykjavik station.

method is to provide a quantification of the water vapour

transport. More precisely it is appealing to evaluate the
P P y PP g elatlve weight of the main regions contributing to the

1Data available at http://eca.knmifik et al., 2002). net uptake of moisture, in this case; Southern Iceland,
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Table 1: E — P computed for the days with precipitation detected i A

—80 70 —B0 50 -4¢ -3¢ -20 10 v] 10 20

Reykjavik (units in kni/year). B
Southern W-N Norwegian
Iceland Atlantic Sea
From day 0 to day 3 2.28 0,08 1,05
From day 3 to day 6 0,83 7.49 0,56
From day 6 to day 10 0,37 6,12 0,24
From day 0 to day 10 3,48 13,69 1,85

Western North Atlantic and Norwegian Sea. We hay
quantified (E — P),, series computed backwards fron
Iceland and integrated over these three regions (Figt
4). Figure 4a shows the limits of the source regions, FiB *[ ' ' * '
ure 4b depicts the values 0E — P), without consid- i
ering the different areas of each region, and Figure
shows the corresponding values(& — P), divided by

the appropriate area of the regions. A view of Figure ¢

-80 -7¢ -62 -50 -4C -3¢ -20 -10 [i] 10 20

40— —

20— —

shows that the Western North Atlantic is the mostimpo
tant contributing area between days 3 to 10 backwa

whereas during the first two days the most relevant 1«

gion corresponds to the Norwegian Sea. It takes 3 d¢
back for the Southern Iceland to become a net upte
of moisture for Iceland. When we use the normalise
time series(E — P), values divided by the area of the
region, (Figure 4c) the relative importance of the No
wegian Sea is evident.
An analogue calculation was done far— P when

precipitation falls over Reykjavik station (Table 1). Th
importance of the Southern Iceland region as moistL &

E-P (KmA3 /year)

o

—40

—80

| 1: SOUTHERN ICELAND

[ 3:NORWEGIAN SEA

1 1

-0

-8

=6 Time (days) =

uptake area during the first three days of transport = F
again highlighted in these results.

4 Conclusion and future applications

—10F -

m”3 x 10/A-12 / year

I
|

An analysis of the major regions where air parcels ha §
gained or lost moisture on their way to Iceland has be

performed here by means of a Lagrangian diagnos m?yso,umsnmceuno 1 —
method. We have studied the average conditions o' [ *"™ "™ , ‘ . ]
a 5-year period (2000-2004), which can be consider " - = Tmewas -2 ¢

as typical on a global climate scale, because there Wefgire 4: a) Time series of(E — P), calculated backward for
no extremes of any modes Of_ C“mat? variability such @gisture over the Iceland area and integrated over the regions
ENSO or NAO. We emphasise again that the concgpfiicated: Souther Iceland (curve 1), Western North Atlantic coast

of net Upt_ake of moisture in this work is r_estriCted t@urve 2) and the Norwegian Sea (curve 3). b) Absolute values of
the capacity that the FLEXPART model exhibits to track: _ P), time series. c) Relative values ¢E — P), time series,

those regions where an air parcel has either absorbegh@g into account to the area of each region (scale multiplied by a
expelled water before reaching Iceland. Three main cqgstor of 132).
clusions can be extracted from the results of this study:

Norwegian Sea was found to be the dominant region
of net moisture uptake for airmasses in the Icelandic When analyzing only the regions of net moisture up-
region. This area is important during the first days ¢éke for airmasses in which precipitation is falling in
transport but also averaged over all 10 days of transp@wV-Iceland we found slightly different results. The Nor-
There is strong moisture uptake over the Western Nostlegian Sea continues being an area where airmasses ab-
Atlantic, southward of 48N averaged over the 10 dayssorbed moisture but loosing the leading role. In this case,
of transport, but its net contribution to the moisture ovéine most important area corresponds to regions in the
Iceland is not very important because of the loss of moi&tlantic surrounding Iceland along the storm track area
ture by precipitation during the two days before the aind over a region located on the final part of the north-
reaches the Icelandic region. ward branch of the Gulf Stream. So, the combination
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of storm track plus warm Atlantic areas is the ultimate
net uptake of the moisture-producing precipitation over
SW-Iceland.

This study can be considered as an approach to the
mean conditions of moisture transport towards Iceland,
however the relatively short period analysed does not
permit to explore conveniently the seasonal variabil-
ity and in any case the interannual variability. Recent
studies have reported important interannual variability
and trends in the precipitation over Iceland and a mod-
erate relationship with the North Atlantic Oscillation
(HANNA et al., 2004). Possible changes in the mois-
ture uptake regions linked to anthropogenic forcing and
to major modes of climate variability could explain this
variability and must be studied.
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