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Abstract

Atmospheric flow over Iceland has been simulated for theople®ieptember 1987 through June 2003, using
the PSU/NCAR MM5 mesoscale model driven by initial and bamdiata from the European Centre for
Medium-range Weather Forecasts (ECMWF). The simulatedigitation is compared with two types of
indirect precipitation observations. Firstly, snow acclation on two large ice caps in SE-Iceland and on
two large glaciers in central Iceland. Secondly, model otipused as input to the WaSiM-ETH hydrological
model to calculate and compare the runoff with observedffdram six watersheds in Iceland for the water
years 1987-2002. Model precipitation compares favounafily both types of validation data. The seasonal
and inter-annual variability of precipitation is investtgd at low as well as high altitudes. The simulations
reveal a negative trend in the winter precipitation in Wioel, but a positive trend in the ratio of lowland
precipitation to mountain precipitation in E-lceland. Téaés in general a substantial inter-annual variability
in the ratio of lowland precipitation to precipitation inettmountains, especially in E-lceland, emphasizing
the limitation of precipitation observations in the lowtsnas a proxy for precipitation in the mountains. In
order to assess the impact of orography on the precipitatiorate of Iceland, precipitation is simulated with
flat Iceland and compared to a simulation with true orografihy found that the mountains contribute to a
total increase of precipitation in Iceland of the order oR40

Zusammenfassung

Die atmosphérische Strémung Uber Island wurde fiir den &eiirvon September 1987 bis Ende Juni
2003 mit Hilfe des mesoscaligen PSU/NCAR MM5-Modells unteu®Benutzung von Anfangs- und Rand-
werten aus dem European Centre for Medium-range Weathec&sts (ECMWEF) simuliert. Der simulierte
Niederschlag wird mit zwei Arten indirekter Niederschlagsbachtungen verglichen. Zum einen mit der
Schneeansammlung auf je zwei gro3en Gletschern in SCdlsiad in Zentralisland. Zum anderen werden
die Modellergebnisse des MM5 als Ausgangsdaten fur dasolgglsche Modell WaSiM-ETH verwendet,
um die anfallende Wassermenge zu berechnen. Diese wirddidader angefallenen Wassermenge von sechs
Einzugsgebieten in Island fur die Wasserjahre 1987—-20aflieken. Der im Modell ermittelte Niederschlag
ist mit beiden Arten der Vergleichsdaten im Einklang. Diergszeitliche und interannuelle Variabilitéat von
Niederschlag wird fiir niedere und hohe Hohenlagen untbtsiie Simulationen zeigen einen negativen
Trend im Winterniederschlag in Westisland, jedoch einesitpen Trend im Verhaltnis von Flachlandnieder-
schlag zu Bergniederschlag in Ostisland. Es gibt im allgeereeine grundlegende interannuelle Variabilitat
im Verhaltnis von Flachlandniederschlag zu Niederschiagen Bergen, besonders in Ostisland, was die
eingeschréankte Ubertragbarkeit von Niederschlagsbéivagen in den Niederungen auf den Niederschlag
in den Bergen hervorhebt. Um die Auswirkungen der Orogeaphif das Niederschlagsklima von Island
zu beurteilen, wird der Niederschlag fur das flache IslantiBert und mit einer Simulation fir die wahre
Orographie verglichen. Es stellt sich hierbei heraus, des8erge um 40 % zu einer Gesamtzunahme des
Niederschlags in Island beitragen.

*Corresponding author: Olafur Régnvaldsson, Institute for Meteoitdb&esearch, Orkugardur Grenséasvegur 9,
108 Reykjavik, Iceland, e-mail: or@os.is

0941-2948/2007/0174 $ 6.75
DOI: 10.1127/0941-2948/2007/0174 (© Gebriider Borntraeger, Berlin, Stuttgart 2007



72 0. Régnvaldsson et al.: Numerical simulations of precifaita Meteorol. Z., 16, 2007

1 Introduction ROGNVALDSSON et al. (2004) simulated precip-
itation in Iceland over a 10-year period using the
The idea of using limited area models (LAMs) for repSU/NCAR MM5 model (®ELL et al., 1994). Sim-
gional climate simulations was introduced bydRIN- ylations were compared to conventional precipitatior
soN et al. (1989) and refined by IGRGI (1990). One measurements (i.e. rain-gauge data) and to precipitz
of the benefits of such an approach is that it is relativefiyn estimated by a statistical model based on observe
inexpensive in terms of necessary computer resourggm-gauge data and a number of topographic and gec
used for simulations of the atmospheric flow at relgraphic predictors. It was found that the simulated pre
tively high spatial and temporal resolutions. As resoliipitation was in general greater than observed precipita
tion is increased, processes governed by the interactigih. However, the magnitude and the seasonal and ge:
of the large scale flow and topography become better tgaphic distribution of the overestimation indicated that
solved by the models. One drawback of this approaghvas to some extent associated with observation errot
which is not present in global climate models is thafue to wind loss of solid precipitation and with limi-
the simulations are dependent on the lateral boundagyions in the representativeness of the observations
conditions. These can constrain the model dynamics apéll. BRomwicH et al. (2005) simulated the same 10-
hence affect the results (e.g.ARNER et al., 1997). To year period (1991-2000) using the Polar MM5 model
minimize the constraining effects of the boundary cogBromwicH et al., 2001; @ssSANO et al., 2001) and
ditions, QAN et al. (2003) suggested consecutive shagfith the same horizontal resolution as ib&NVALDS-
term integration, overlapping in time as to minimize thgon et al. (2004). They concluded that simulations of
effects of spin-up, instead of a single long term intghe time-averaged near-surface temperature, moistur
gration. Other investigators (e.g!@RGI and MEARNS, wind and precipitation were in relatively good agree-
1999) opt for longer integration times, emphasizing thfient with observations. Trends in simulated precipita-
importance of the model to be free to develop its owbn were linked to changes in the NAO index for the
internal circulations. LANG et al. (2004) used this ap-region.
proach when simulating precipitation over the U.S. dur- BenoiT et al. (2000) reported some of the advan-
ing 1982-2002 using the MM5-based regional climatgges of using one-way coupling of atmospheric and hy
model CMM5. Several case studies investigating or@rological models, calibrated with observed discharge
graphic forcing of precipitation have been made in retata, for validation of precipitation calculated by the
cent years. @1A0 et al. (2004) used the MM5 model atatmospheric models. They conclude that stream flov
a 5 km horizontal resolution to simulate a heavy precipiecord gives a better estimate of the precipitation tha
tation event during MAP IOP-2B. The precipitation wagas fallen over a region than point measurements, an
satisfactorily reproduced by the model although the tota}en though there were uncertainties related to their hy
amount of precipitation was slightly higher than meatrological model (WATFLOOD), it was sufficiently sen-
sured by rain-gauges.Zzi et al. (1998) simulated asitive to help improve atmospheric modelsaHet al.
1994 flooding event in northwestern Italy. The role q002) used output from the RegCM2 modeli¢&GI
orography was found to be crucial in determining thex al., 1996) as input to a distributed hydrological model
precipitation distribution and amount. Orographic préor four basins in the USA. Their research indicated
cipitation has also been investigated by use of linear thfat precipitation averaged over a large area could hav
ory models (e.g. BRSTAD and 31ITH, 2005; SuITH et  the daily variations necessary for basin scale model
al., 2005). By using a relatively simple model they idenng. Studies focussing on one-way coupling betweer
tified the cloud delay time (i.e. the rate of conversion @ftmospheric models and the WaSiM-ETH watershec
cloud water to hydro-meteors and the rate of evapoi@odel in alpine landscapes have earlier been reporte
tion) as a primary unknown parameter. by JASPER et al. (2002), dsPER and KAUFMANN
The climate of Iceland is largely governed by the in2003) and by KiINSTMANN and SADLER (2005). The
teraction of orography and extra-tropical cyclones, boffaSiM-ETH model has further been integrated with a
of which can be described quite accurately by presejlhcier sub model (Kok et al., 2001) to simulate the
day atmospheric models. As a result, dynamical dowglischarge of a heavily glaciated drainage basisrER
scaling of the climate, using limited area models, giveg al. (2002) compared WaSiM-ETH simulations that
valuable information about precipitation distribution, esyere driven by observed meteorological data, with sim-
pecially in the data-sparse highlands. ulations driven by data from high-resolution numerical
The impact of orography on precipitation and preyeather prediction (NWP) modelsasPErRand KAUF-
cipitation in the mountains have an economic aspegfann (2003) compared results from WaSiM-ETH wa-
since hydraulic power is generated only by water thgérshed models that were on one hand driven by metec
has fallen as precipitation in the mountains, and not jglogical observations and on the other hand driven by

the lowland. However, most precipitation observationgata from atmospheric models. They concluded that th
including long time series, are from the lowland.
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hydrological model was sufficiently sensitive to providéhe validation data. Results are presented in section
substantial information for the validation of atmospheri@nd discussed in section 5 followed by summary anc
models. KUNSTMANN and STADLER (2005) were able conclusions.

to reproduce observed stream flow reasonably well in an

alpine and orographically complex basin in Germany By Model configurations

driving the WaSiM-ETH watershed model with MM5

output data. 2.1 Atmospheric model

In a recent study by @NSDOTTIR and FORARINS- .
SON (2004) the HBV watershed model £STHUN, The PSU/NCAR MM5 model (BELL et al., 1994) is a

1996) was calibrated and driven both with observ &ate of the art non-hydrostatic limited area model. It ha:
been used to simulate the atmospheric flow over Icelan

and simulated data from the MM5 model. The maife. 5 more than 15-year period from September 198
results were that the correlation between daily v Arough June 2003. The domain used is 123 x 95 points
ues of measured discharge and discharge calculatedtB)tered at 64\ and 19.5W, with a horizontal resolu-
the MM5 data was fairly good. The correlation Wagon of 8 km. There are 23 vertical levels with the model
somewhat higher when data from nearby weather stgp at 100 hPa. A more detailed description of the mode
tions were used. Using the MM5 data, however, intonfiguration can be found in G&NVALDSSON et al.
proved the water balance for each water ye@&rvRs- (2004).

SON et al. (2005) simulated a short winter flood in the )

bjérsa-Tungnaa river basin in S-Iceland, using precif-2 Modeling approach

tation as simulated by the MM5 model and the HEGrpe MM5 model was used with initial and lateral bound-
HMS (HYDROLOGICAL MODELING SYSTEM, 2000) aries from the ERA40 re-analysis project as to 1999
runoff model. They concluded that the runoff modehfter that date, operational analysis, from the ECMWF
showed results that were in good agreement with olvere used. The ERA40 data were interpolated from «
served discharge in the river basin. The MM5 modébrizontal grid of 1.125to 0.5 prior to being applied to
output has also been used as input to the Universifie MM5 modeling system. The modeling approach dif-
of Washington Distributed-Hydrology-Soil-Vegetatioriers from that used by BomwicH et al. (2005). Instead
Model (DHSVM) to form an automated riverflow fore-Of @Pplying many short term (i.e. of the order of days)
casting system (\&sTRICK et al., 2002). s_|mulat|ons and frequently updatmg the initial _condl—
A atmospheric flow over Iceland has been simulatdignS: the model was run over a period of approximately
for the period September 1987 through June 2003 usflg, Months with only lateral boundary conditions up-

version 3-5-3 of the MM5 model and initial and boundd@t€d every six hours. This was made possible by takin

ary data from the European Centre for Medium—ran%jvantage of the OSU land surface modeHE® and

2001).
Weather Forecasts (ECMWF). The results are compa HDHIA, 20
with two types of indirect precipitation observations, _1he period from September 2001 through August

Firstly, snow accumulation on two large glaciers in SE2002 was further simulated with the orography of Ice-
Iceland and on two large ice caps in central Iceland. S&nd being reduced down to one meter.
ondly, model output was used as input to the WaSiM; .
ETH hydrological model @speret al., 2002; ASPER '\ﬁ_g Hydrological model
and KAUFMANN, 2003) to calculate the runoff from sixThe WaSiM-ETH hydrological model is a fully dis-
Icelandic watersheds for the water years 1987-20Q&buted catchment model using physically based algo
The hydrological model is calibrated against measurgithms and parameters for the description of hydrologi-
discharge from six watersheds in different parts of Iceg| processes A3PERet al., 2002; AsPErRand KAUF-
land where neither glaciers nor groundwater play an imrann, 2003). The model offers various methods of cal-
portant role in the hydrological cycle. Hence, the hyeulating the different water balance elements dependin
drological model output gives a fully independent evabn the availability of input data. The input data from
uation of the simulated precipitation in addition to thehe MM5 model used in the hydrological model were
glaciological data. precipitation, temperature at 2 metres above ground an
The seasonal and inter-annual variability of precigyind speed at 10 metres above ground. The Penmat
itation is investigated at low as well as high altitudesqonteith estimate of actual evaporation requires defin.
In order to assess the impact of orography on the pigon of vegetation parameters that were not available
cipitation climate of Iceland, precipitation is simulate@nd also data on humidity and radiation that could no
with flat Iceland and compared to a simulation with truge used directly from the MM5 model. An attempt to
orography. use Penman-Monteith with the limited data available
The remainder of this paper is organized as followgierefore proved unsuccessful. The Hamon approac
In section 2 we discuss the hydrological and atmosphefi=pererand LasH, 1983) was therefore used to cal-
model configurations. Section 3 gives a description gfilate evaporation. A temperature-wind index methoc
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Figure 1: Overview of the four ice caps used for validation purposes, dots indigaial location of observation sites. Red dots on Hof-
sjokull glacier are along profile HN (Npart), blue dots along profile HSW(fart) and green dots along profile HSA (SEpart), observations
at locations shown in black have not been used in this study.

was used to account for higher melting when wingarameters that were fitted were (7) temperature limi
speed is high. The soil model used Richards equatibetween rain and snowg/s (8) temperature at which
(RICHARDS, 1931; RHILIP, 1969) for the unsaturatedsnow melt startsTy, (9) degree-day factor without wind
zone, but no groundwater model was applied. considerationg;, and (10) degree-day factor with wind
In this study, ten parameters describing both the ueensiderationg,.
saturated zone and snow accumulation and melt wereA one-way coupling between the MM5 and WaSiM-
fitted to each watershed. For the unsaturated zone, BlEH model was applied by using the output from the
following six parameters were fitted: (1) storage coeffMM5 model as input to the WaSiM-ETH model. The
cient of direct runoffky, (2) storage coefficient of inter MM5 output was on an & 8 km horizontal grid, while
flow, ki, (3) drainage density, (4) recession constantthe grid of the watershed model was set to 1 km res-
for base flow,k,, and (5) saturated hydrological conelution to catch more of the characteristics of the land-
ductivities of the uppermost aquifer and (6) the fractioscape. Each grid point in the MM5 model was treatec
of surface runoff on snow melt. The four snow models a meteorological station, and the input to each gri



Meteorol. Z., 16, 2007 O. Régnvaldsson et al.: Numerical simulations of precijuita 75

Station 200

Station 45

B

Station 148

g

# Stations
s ‘Watersheds

0 25 50 100
Km

Figure 2: The location of the six watersheds and corresponding gauging statied$ars/alidation of the MM5 precipitation data.

cell in WaSiM-ETH was evaluated by inverse distanc  “°°} .

weighting between the grid points of the MM5 mode

The MM5 model output values are available for everg >*
six hours, while the watershed model was run at a da%
time step because of the time resolution of observg
data. The MM5 model output was therefore regridded &
adaily time step, with precipitation from each of the foLg 2590[
within-day time steps being accumulated, and with da@
averages calculated for temperature and wind speed.z 2000

p=(0.9176 ; 5.52865e-07)
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3.1 Glaciological data 1988/89 1992/93 1996/97 2000/01

The spatial variability of the mass balance on large ice _ Winter o
masses, such as Vatnajokull and Langjokull ice Cad:é\c,]ure 3: I;stlmated mean accumulated winter precipitation [mm]
can be mapped given data along several profiles &9 profiles HN (N-part), HSA (SE-part) and HSV (SW-part) at
tending over the elevation range of the ice caps. Sindgtudes between 1450 and 1650 metres (solid liG@{ANNESSON
1991 annual mass balance has been observed on par?é%-f' 2006). Dashed line represents simulated precipitation by MME
Vatnajokull ice cap in SE-Iceland (BRNSSONet al., from a single grid cell over Hofsjokull ice cap at altitude 1540 me-
1998) and from 1996 on Langjokull ice cap, central Icées. Red, green and blue crosses represent mean values aleng p
land (Bi6RNSSONet al., 2002). Here, we only use meafiles HN, HSA and HSV respectively on the altitude interval 1440—
surements of accumulated wintertime snow, expressé@0 metres (cf. Figure 1). Error bars indicate the standard deviatio
in terms of quuid water equivalents,JRNSSONet al. of the observations. Observed values from individual snow stake:
(1998) estimated the uncertainty of the areal integra® from ScGUrRPSSON(1989, 1990, 1993),IBURPSSONand SG-

of the mass balance to be a minimum of 15 %. Due tgkpssa (1998) and Sigurdsson et al. (2004).

surging of the Dyngjujokull glacier in 1998—2000 the

uncertainty is considerably greater for this period and

the foolowing winter (RLsSON et al., 2002a). The ice

caps and typical locations of the mass balance stakes are

depicted in Figure 1.

Precipitation on Hofsjokull ice cap has been olis approximately 1540 metres, i.e. more than 250 me
served at sites along profile HN (cf. Figure 1) sincees lower than in reality. Hence, we use area-integrate
1987 and along profiles HSV and HSA since 1988&ata from an elevation range of approximately 1450-
(SIGURDSSON et al., 2004). In our model configura-1650 metres along the three profiles HN, HSV and HSA
tion the maximum elevation of the Hofsjokull ice cagJOHANNESSONet al., 2006).



76 0. Régnvaldsson et al.: Numerical simulations of precifaita Meteorol. Z., 16, 2007

Table 1: Comparison of observed and calculated discharge at six dischatigastnd Nash-Sutcliffe coefficients of model fit.

Station Qmeas[m3/s] Qcalc[m:’/s] Difference [%] R2 R2log
198 26.8 254 5.2 0.62 0.60
265 19.6 20.8 6.1 0.70 0.74
45 12.3 13.4 8.9 0.69 0.62
128 29.4 29.4 9.7 0.61 0.64
148 9.1 10.4 10.4 0.64 0.71
200 48.4 11.4 11.4 0.53 0.53
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2002. Average daily discharges from the database of th
Hydrological Service of the National Energy Authority
i ___. 3 were used to calibrate the model. A 500-m digital eleva-
p=(0.3647;0.3000)] tion model (CELANDIC METEOROLOGICALOFFICE et

i al., 2004), a soil map from the Agricultural University of
Iceland and a digital vegetation map from the Icelandic
Institute of Natural History were used in WaSiM-ETH
to describe the watersheds. The geographical data we
all regridded to a 1 x 1 km spatial resolution.

Accumulated precipitation [mm]

E Langjokull p=(08028;00068] + Results
1992/93 1994/95 1996/97 1998/99 2000/01 2002/03

Winter 4.1 Comparison with glaciological data

Figure 4: Estimated from observations (solid) and simulated byhea simulated wintertime precipitation at Hofsjokull ice
MM5 (dashed) accumulated winter precipitation for Dyngjujt‘jkulbap is in good agreement with observations (cf. Figure
(top) and Bruarjokull (middle) glaciers and Langjokull (bottom) icg) over the northern part of Hofsjokull (HN, red dots,
cap. Error bars indicate 15 % uncertainty of the observations, excgpt Figure 1), the SE-part (HSA, green dots, cf. Figure
for 1998-2001 at Dyngjujokull where it is 25 %. Glaciological datg) and the SW-part of the ice cap (HSV, blue dots, cf.
for Dyngjujokull and Braarjokull are from BORNssonet al. (1998, Figure 1). The solid line in Figure 3 shows the esti-
2002) and RLssON et al. (2002a, 2002b, 2004b, 2004c). Data fomated wintertime precipitation, taking into account ab-
Langjokull ice cap are from BORNSSONet al. (2002) andR.sson  lation due to liquid precipitation and/or melting, at al-
et al. (2004a). titude between 1450 and 1650 metres at locations HN
HSA and HSV. The dashed line shows the wintertime
. precipitation simulated by MM5 at a single grid cell
3.2 Hydrological data over Hofsjokull ice cap at altitude 1540 metres. The
Large areas of Iceland are covered with post-glacgimulated precipitation is within one standard deviation
lava. In those areas, precipitation infiltrates through tieé snow accumulation for the whole observation period
porous surface, to the groundwater aquifers and in sofd®87-2003), observed at snow stakes between 14«
cases through the groundwater aquifers to the oceand 1680 metres altitude. The Spearman’s rank corre
Furthermore, the temperature at high altitudes in Icktion' is 0.92 with a significance value of% 10,
land remains below zero for some months during the When compared with estimated areal integrals of
winter, so that some of the autumn and winter pr&intertime precipitation over the Dyngjujokull (1040
cipitation is stored until spring and glaciers may sto#m?) and Bruarjokull (1695 krf) glaciers and the
precipitation from one season, year or decade to thangjokull ice cap (925 ki), the rank correlation de-
next. The complexity of the hydrological cycle therecreases somewhat (see Figure 4). The model shov
fore varies from one area to the other. In this study, siike least skill on Dyngjujokull g =0.365;0.300) and
watersheds were selected where the rivers are primidne greatest skill on Langjokullp(=0.893;0.007). The
ily direct-runoff rivers and are therefore relatively fregorrelation for Braarjokull is 0.691 with a significance
from the complications of groundwater components and
glacier mass balance changes. The locations of the'\Wixused the_correlatefunction withintheIDL® software package.
selected watersheds are shown in Figure 2. HoweverTzf]F function computes the Spearman’s rank correlation of two sam
the watersheds have substantial snow cover during e populations X and Y. The result is a two-element vector contain-
. . the rank correlation coefficient and the two-sided significance of
winter, so that the models were run on the basis 0fit@ deviation from zero. The significance is a value in the interval
water year, i.e. from September 1, 1987 to August 3,0, 1.0]; a small value indicates a significant correlation.
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value of 0.019. The simulated precipitation is within est.2 Comparison with hydrological model
timated observational error-margins for 5 out of 10 win- data

ters for Dyngjujokull, 9 out of 11 for Braarjokull and 5
out of 7 for Langjokull ice cap. Runoff from the six Icelandic watersheds used in this

study is strongly influenced by snow accumulation anc
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snow melt. Therefore, the fit of simulated to observadonths (June to August, JJA). These two seasons sha
runoff is highly dependent on both temperature and prite greatest (DJF) and smallest (JJA) inter-annual vari
cipitation, while the overall water balance of water yeagility. On average, the greatest difference between pre
depends primarily on precipitation data. Here, the Nastipitation at low- and highland points is in the SW quad-
Sutcliffe coefficientR2 (NASH and SUTCLIFFE, 1970) rant for all seasons, while the NE quadrant shows the
and R2log is used to measure how well the simulatesimallest difference. There is considerable inter-annue
runoff fits the observed runoff. Both coefficierR® and variability for all quadrants, but least in the NE. The
R2log range from 1 to—-o , where a perfect fit equals 1.NE quadrant is the driest quadrant. Precipitation at lowe
The coefficienR2 emphasizes the fit for high flows andltitudes sometimes exceeds precipitation in the mour
floods whileR2l og puts greater weight on how well lowtains, most frequently so during SON in the NE quadran
flows are simulated. and in JJA in the SE quadrant.

Table 1 shows th&2 andR2log coefficients as well Figure 9 (left) shows the seasonal precipitation over
as the fit of the water balance for the period Septemberb-year period from MAM 1988 through DJF 2002. The
1988-August 31, 2002. The average simulated runoffdeasonal variability is clear in all quadrants and lowlanc
7 % higher than the observed runoff, tR2 andR2log precipitation is clearly considerable lower than precipi-
values are higher than 0.6 except for one basin whdagion in the mountains at most times. The exception i
they are both 0.53. Figures 5 and 6 also show obsenthd NE and to a less extent, the SE quadrant from 199
and simulated hydrographs, for the period Septembeitd 2002. The right panel of Figure 9 shows the seasonz

1998-August 31, 2000, for the six watersheds. precipitation for all quadrants for the same period. A
imulated ti . negative trend can be seen in wintertime (DJF) precipi
4.3 Simulated time series tation in the western part of Iceland (cf. Figure 8, upper

Figure 7 shows the mean annual precipitation as sinlgft panel).
lated with the MM5 model over the 15-year period from Figure 10 shows the ratio of simulated low- and high-
March 1988 to February 2003. It shows a realistic pré&nd precipitation to total precipitation for each quad-
cipitation pattern with the greatest precipitation over tti@nt, as well as the sum of all quadrants. In the NE and t
large ice caps in S- and SE-Iceland and over the thig@me extent in the SE, there is a positive trend in the rel
large ice caps in central and NW-Iceland. ative proportion of lowland precipitation during winter
Figure 8 shows simulated seasonal precipitation fand springtime but the greatest inter-annual variability
lowland points, defined as model grid points below 100 the precipitation of lowland to highland precipitation
metres (11 % of Iceland) and highland points (altitudé during JJA in the SE quadrant. There appears to b
above 100 metres) for the four quadrants shown in Fign oscillation in the lowland precipitation during winter
ure 7 as well as the whole of Iceland. The greated?JF) and summer (JJA) in the southern quadrants wit
absolute difference between the lowland and highlagdoeriod of about five years in this period. The greates
points is during the winter months (December to Febramplitude is found in the SE quadrant during JJA 1992-
ary, DJF) and minimum difference is during the summe&®©02.
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Figure 8: Simulated seasonal (DJF, MAM, JJA and SON) precipitation [mm] for thelod (dashed lines, topography below 100m) and
the highlands (solid lines, topography above 100m) from March 19&®i¢fir February 2003. The country is divided into four quadrants,
NW (top panel), NE (second from top), SE (middle panel) and SW (skftom bottom). The lowest panel shows the sum of all quadrants.
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4.4 Orographic effects of data only provides validation on a much longer time-
scale than conventional rain-gauge data, and the dalil
Figure 11 shows the accumulated precipitation betwegftor in the precipitation downscaling remains unclear
September 2001 and August 2002 with unmodifigdowever, the comparison with the observational dat
(CONTROL, left) and flat terrain (FLAT, right). The ab-shows that the climatological values of the simulatec
solute difference between the two simulations is showecipitation are of good quality. The correlation be-
in Figure 12 (left) as well as relative difference (rightkween observations and simulations is in fact much bet
The mean monthly precipitation for both simulations igr than in RYGNVALDSSONet al. (2004). The relatively
shown in Figure 13 along with the relative difference. poor correlation in RGNVALDSSON et al. (2004) is
The mountains constitute about 40 % increase in piigainly because of observational errors associated wit
cipitation over Iceland. The differences in monthly valundercatchment by the rain-gauges but not because
ues range from 25 % to 55 %. The mountains causedoor statistical model treating the rain-gauge obser
drying in the highlands north of the Vatnajokull ice capations or a poor quality in the numerical simulations.
and north of the two large ice caps in central Icelangh this study, precipitation from the MM5 model has not
The valley areas in the central and southeast part of #gen scaled in any way to fit the observed discharge. Th
NW guadrant and the two largest fjords in the northwesjood fit of the watershed models, particularly with re-
ernmost part of Iceland are also drier when the mougards to accumulated water balance, therefore, sugge:
tains are present. The mountains cause an increasénhiit MMS5 precipitation in these areas is close to the ac
precipitation that reaches far south of Iceland, whiletaal precipitation. However, no conclusions on the pre-
decrease in precipitation is evident far to the north aggsion of other meteorological variables, such as tem
northeast of Iceland. perature and wind speed, can be drawn from this stud
because parameters in the hydrological model involving
) ) snow melt and accumulation were adjusted to improve
5 Discussion the fit as measured big2 andR2log. These results do
suggest that meteorological output from the MM5 mod-
In this study, numerically simulated precipitation hagls can be used with WaSiM-ETH to set up successfu
been compared with unconventional observations of preedels of runoff in the areas of these six watersheds.
cipitation, i.e. runoff and snow accumulation. This type
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Figure 12: Absolute [mm] difference in precipitation (left) between CONTROL and Flahd relative [%] (CONTROL-FLAT / CON-
TROL) difference (right).

The fit between measured and calculated dischar®). The negative trend for 1988-2002 is primarily con-
might be improved by adjusting the input precipitafined to the western part of Iceland (quadrants NW anc
tion; however this is not the purpose of the study. AlIs§W) in winter. This happens at the same time as winter
the use of more advanced interpolation methods fibime ratio of lowland precipitation to highland precip-
the meteorological variables, with elevation dependenitgtion increases steadily in the eastern part of Icelan
might improve the model. An application of more adquadrants SE and NE). Regional precipitation in Ice-
vanced evaporation schemes, according to the Penmland is very dependent upon wind direction. Basically,
Monteith approach, could give a better evaluation ofiost precipitation in each region falls when the winds
evapotranspiration, but as mentioned earlier the useané blowing from the ocean, while when winds are blow-
Penman-Monteith has been proved difficult in this studyg from the central highlands, there is usually only lit-
Furthermore, the WaSiM-ETH model simulate the hete, if any precipitation (ENARSSON, 1984). On a day-
flux in the soil or subsurface, so that discharge durinig-day time scale, precipitation in the northeast is thus
winter when soil is frozen might be simulated better ifiegatively correlated with precipitation in the southwest.
a different hydrological model were used. However d®&n a longer time-scale, the correlation is not necessal
spite these limitations, the comparison of measured afydas simple and when the total precipitation falls to a
calculated discharge gives acceptable results with regbhadtom value in the west (winter of 2000), there is not a
to the one-way coupling of MM5 and WaSiM-ETH.  distinct peak in the precipitation in the northeast. On the

The simulations reveal several interesting aspectsather hand, the ratio of lowland precipitation to high-
the precipitation pattern in time and space. Firstly, thelend precipitation reaches a peak in the northeast thi
is a negative trend in the precipitation, as pointed os&me winter. In general, strong winds favour precipita-
by BROMWICH et al. (2005). However, this trend istion in and immediately downstream of the upstrean
small compared with the inter-annual variability, anglopes (e.g. de RiEs and Q.AFssoN, 2003), while
by choosing different 15-year periods during the last 48 weak winds the flow is blocked and the orographic
years, quite variable trends can be obtained (cf. Figuifing may be very little, and may take place at some
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distance upstream of the mountain. The simulated pre-
cipitation pattern indicates therefore that in the winter
of 2000-2001, northeasterly, but relatively weak winds
were prevailing. This was indeed the case. Investigation
of observations show that in the southwest, northea$898, while winds from the east are more frequent thar
erly winds were anomalously frequent during this péa 1998. In winds from the east, the orographic lifting
riod, and at the northeast coast, the mean wind speéedE-Iceland is much less than when winds are blow-
during precipitation was only 8.6 m/s, which is 1.4 m/mg from the southeast or south. In short, the large vari
below the average value. ability in the ratio of lowland precipitation to highland
The regional variability in the proportion of precipi-precipitation in SE-Iceland appears to be associated wit
tation falling in the lowlands can be explained by varivariability in the relative frequency of wind directions.
ability in the terrain. The relatively low proportion of The experiment with a flat Iceland confirms the gen-
highland precipitation in the NE is associated with theral conception that large areas in N-Iceland are submi
fact that there is a relatively large and dry plateau atted to a net reduction of precipitation due to the moun-
high elevation in the inland areas. In the NW, the lowains. Large parts of these areas are deserts, but that m
land is sheltered and dry in northeasterly winds. Consa/n more a consequence of low summer temperature
guently, the lowland precipitation is a lower proportiostrong winds, transport of sand by wind and the volcanic
of the highland precipitation than in the NE. In the SWjature of the soil, than due to lack of precipitation. The
there is a similar sheltering of the lowlands as in the NWnportance of orographic lifting for precipitation in the
but in easterly and southeasterly winds. mountains is also confirmed by the flat Iceland exper-
In general, the ratio of precipitation in the highlandsnent. This was in fact already quite clear from com-
to the lowlands is lowest in the summer. This is not uparing the topography of Iceland to the simulated pre-
expected as winds are much weaker in the summer tt@pitation. In the south of Iceland, there are large area:
in the winter. This result underlines that neither sumvhere more than 50 % of the total precipitation is due
mertime rain-gauge observations in the mountains rtorthe impact of the mountains. In reality, this propor-
observations of snow accumulation in the winter can ien may be greater, because at the current 8 km resc
interpolated directly to the rest of the year by simple caltion, the mountains are not fully resolved (see f. inst.,
relation with observations in the lowland, as sometim&romMwICH et al., 2005). The orography of Iceland con-
is done. tributes to some increase in precipitation as far as th
There is substantial inter-annual variability in théomain extends to the south of Iceland, indicating tha
proportion of precipitation in the lowlands to the higherographic lifting starts far upstream of the mountain.
land precipitation, particularly in the summertime in th&here is on the other hand a substantial rain shadow fe
SE-part of Iceland. An investigation of weather patterresfshore to the north of Iceland, indicating that it takes
reveals that when the proportion of lowland precipitatiomore than a few hundred kilometers for the precipitation
is exceptionally low (1998), winds from the south arsystems to recover after the flow has passed a mounta
anomalously frequent, but winds from the east are evange of the size of Iceland. This is in agreement with the
ceptionally rare. During summers of high proportion girecipitation climate of numerous regions in the world
precipitation in the lowland (1995, 1996 and 2001), préhat experience rain shadow from very distant mountair
cipitation in winds from the south is less frequent than iranges.
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6 Summary and conclusions Buzzi A., N. TARTAGLIONE, P. MALGUZzI, 1998: Numeri-
cal Simulation_s of the 1994 Piedmont Flood: Role of Orog-

A numerical weather prediction model has been showriaphy and Moist Processes. — Mon. Wea. Re6, 2369—

to be very useful for mapping precipitation in complex 2383-

terrain in a climate governed by extra-tropical cycloneSASSANO, J. J., J. E. BX, D. H. BROMWICH, L. L1, K.

Snow accumulation and runoff data can be applied sucS'E-FEN 2001: Evaluation of Polar MM5 simulations of

cessfully to validate such simulations and may even b Greenland’s atmospheric circulation. — J. Geophys. Res

: : 1¢ PG 06 33867-33890.
more suitable to such evaluation than traditional raips,c\ £ 3 pipHiA. 2001 Coupling an Advanced Land-

gauge observations. During the period 1988-2002 thergtace/Hydrology Model with the Penn State/NCAR
was a negative trend in wintertime precipitation in west-pms Modeling System. Part I: Model Implementation and
ern Iceland, but a positive trend in the proportion of sensitivity. — Mon. Wea. ReL.29, 569-585.

lowland precipitation to highland precipitation in easteniao, S., Y.-L. LiN, M. L. KAPLAN, 2004: Numerical
ern Iceland. There is substantial temporal variability in Study of the Orographic Forcing of Heavy Precipitation
the proportion of lowland precipitation to precipitation during MAP IOP-2B. — Mon. Wea. Re®32 2184-2203.

in the mountains, and this proportion can be associateadkiNson, R. E., R. M. RRico, F. Goral, G. T.
with wind speeds and prevailing wind directions. In spite BATES, 1989: A regional climate model for the western
of large regions in the north and in the west of IcelandUnited States. — Climate Chang®, 383-422.

being in a rain shadow, the mountains contribute toFANARSSON, M. A., 1984: Climate of Iceland - In: H. van

total increase of precipitation in Iceland of the order of 00N (Eds.): World Survey of Climatology, Vol. 15, Cli-
40 % P P mate of the Oceans, Elsevier, 673-697.
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