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Abstract
This paper presents a study of the sensitivity of numerically simulated precipitation across a mesoscale
mountain range to horizontal resolution, cloud condensation nuclei (CCN) spectrum, initiation of cloud ice,
numerical treatment of horizontal diffusion and initial and boundary conditions. The fifth generation Penn
State/National Center for Atmospheric Research (PSU/NCAR) Mesoscale Model (MM5) is used in the study,
in which the model is run at 8, 4 and 2 km horizontal resolutions and with a number of microphysical and
numerical configurations. The model simulated precipitation is compared to the observed precipitation over
the Reykjanes mountain ridge during the Reykjanes Experiment in Southwest Iceland in the autumn of 2002.
Improvements in representation in topography at increasing horizontal resolutions yield large improvements
in the accuracy of the simulated precipitation. At 8 km horizontal resolution the simulated maximum precipitation is too low, but the simulated precipitation upstream of the mountains is too high. The absolute values
and the pattern of the precipitation field improve stepwise when going from horizontal resolutions of 8 km
to 2 km, with the main contribution being when going from 8 km to 4 km. Calculations of diffusion and ice
initiation do not seem to have a large impact on the simulated precipitation, which is on the other hand quite
sensitive to the CCN spectrum. The simulations underestimate the precipitation over the downstream slopes
of the mountain ridge by factors of 2–3. There are indications that this underestimation may be associated
with a systematic overestimation of downslope winds, and possibly descending motion, by the model.
Zusammenfassung
In dieser Publikation wird die Empfindlichkeit des simulierten Niederschlags über mesoskaligem Gebirge
bezüglich der horizontalen Auflösung, dem Spektrum der Kondensationkerne (CCN), der Aktivierung der
Eisbildung, der numerischen Behandlung der horizontalen Diffusion sowie der Anfangs- und der Randbedingungen studiert. Hiezu wurde das von PSU/NCAR entwickelte mesoskalige Modell MM5 eingesetzt und
Simulationen mit horizontalen Auflösungen von 8, 4 und 2 km und mit mehreren mikrophysikalischen und
numerischen Konfigurationen durchgeführt. Der simulierte Niederschlag wird mit den Messungen über dem
Reykjanes Gebirge während des REX Experimentes in Südwest-Island im Herbst 2002 verglichen. Die Verfeinerung der räumlichen Auflösung der Topographie bewirkt eine wesentliche Verbesserung der Genauigkeit
des simulierten Niederschlags. Bei 8 Kilometer Auflösung ist der simulierte maximale Niederschlag zu
niedrig, der simulierte Niederschlag im Luv der Gebirgskette jedoch zu hoch. Die Absolutwerte und das
räumliche Muster des Niederschlags verbessern sich schrittweise wenn man die horizontale Auflösung von
8 km auf 2 km erhöht, wobei der Hauptanteil beim Schritt von 8 km auf 4 km liegt. Unterschiedliche Berechnungen der Diffusion sowie der Aktivierung der Eisbildung scheinen keine großen Auswirkungen auf den
simulierten Niederschlag zu haben. Auf die Wahl des CCN Spektrums ist er hingegen ziemlich empfindlich. Die Simulationen unterschätzen den Niederschlag im Lee der Gebirge um Faktoren von 2 bis 3. Es
gibt Hinweise, dass diese Unterschätzung mit einer Überschätzung des leeseitigen Hangabwindes und einer
generellen Absinkbewegung durch das Modell einher geht.

1

Introduction

Improving quantitative precipitation forecasting (QPF)
over complex topography has long been a target
∗ Corresponding

author: Ólafur Rögnvaldsson, Institute for Meteorological Research, Orkugarður Grensásvegur 9, 108 Reykjavík, Iceland, e-mail: or@os.is

of research campaigns organized in the numerical
weather prediction (NWP) community. Recent examples of such campaigns are the Mesoscale Alpine
Program (B OUGEAULT et al., 2001) and IMPROVE1
(S TOELINGA et al., 2003). Although forecasting skills
1 J. Atmos. Sci. 62(10), October 2005, is a special issue on IMPROVE.
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DOMAIN 2 −∆ X=4km
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Figure 1: The domain setup as used in the simulations. Domain 1
is 123 × 95 points (approximately 975 × 750 km2 ). The 4 and 2 km
resolution domains are identical in size (approximately 145 × 130
km2 ) and are 37 × 33 and 73 × 65 points in dimension, respectively.

of NWP models have improved considerably for many
variables (e.g. geopotential height and temperature) over
the past years and decades, precipitation has remained
somewhat elusive (B OSART, 2003). One reason for this
is that the physics governing the formation of precipitation are highly complicated, rendering parameterization difficult. Another reason is that the distribution of
precipitation (particularly solid precipitation) over complex topography as simulated by NWP models is very
sensitive to the dynamic and thermal characteristics of
impinging wind (e.g. C HIAO et al., 2004).
Several investigations have been made on the sensitivity of numerically simulated precipitation to parameterizations of microphysical processes and numerical
resolution. G RUBIŠI Ć et al. (2005) investigated wintertime storms in the Sierra Nevada. They found that the
QPF skill score is greater on the windward side than the
lee side. Interestingly, the low scores on the lee side cannot be improved by increasing model resolution.
C OLLE and Z ENG (2004a) also show that the precipitation over the Sierra Nevada is most sensitive to the
parameters in the microphysical scheme that are associated with the distribution of snow and the fall speed
of hydrometeors. There is, however, less sensitivity to
the parameters associated with ice initiation and cloud
water autoconversion. An investigation of the sensitivity of precipitation to barrier width (C OLLE and Z ENG,
2004b) indicates that for relatively wide ridges (with
half-width greater or equal to 30 km) precipitation over
the windward side is more sensitive to parameters related to snow, such as slope intercept for number concentrations and fall speeds, than to parameters related to
rain and graupel. This is due to the fact that wide barriers
allow more time for snow growth aloft. Consequently,
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precipitation over narrow barriers is more sensitive to
rain and graupel processes such as cloud water autoconversion and graupel fall speed.
It has long been recognized that the precipitation intensity over complex topography is very sensitive to the
dynamic characteristics of the flow. Modelling studies
of flow over complex topography (e.g., Z ÄNGL, 2002
and Z ÄNGL et al., 2004) show that mountainous flow is
not only dependent on model resolution and/or physical
parameterizations but can also be greatly influenced by
how advection and diffusion of temperature and moisture are calculated. The simulated precipitation can differ by as much as 35 % depending on how horizontal
diffusion is calculated by the numerical model (Z ÄNGL,
2004).
This paper presents a study in which precipitation
over the Reykjanes peninsula in SW-Iceland is simulated and compared to observations made during the
Reykjanes EXperiment (REX) in September and October 2002. Special focus will be on precipitation simulated numerically during intensive observation period
5 (IOP5) of REX, 3–7 October 2002. Results from the
simulations of other IOPs are discussed briefly.
The paper is structured as follows: In the next section
the model configurations are explained and the various
sensitivity simulations are described. Section 3 gives a
short description of the available observational data. The
results are presented in Section 4, followed by discussion and concluding remarks.

2 Model setup
The evolution of the atmosphere over a six week period in September and October 2002 is simulated with
the PSU/NCAR MM5 model (G RELL et al., 1994). In
this study, the turbulent boundary layer physics is parameterized according to H ONG and PAN (1996), and
the physics of cloud and precipitation is parameterized
according to G RELL et al. (1994) and T HOMPSON et
al. (2004), respectively. The simulations are carried out
with horizontal resolution of 8, 4 and 2 km with initial and boundary conditions (operational analysis) from
both the European Centre for Medium-Range Weather
Forecasts (ECMWF) and National Centers for Environmental Prediction (NCEP). The horizontal resolution of
the ECMWF data is 0.5◦ × 0.5◦ and of the NCEP data
1◦ × 1◦ . Vertical levels are the same for both data sets,
i.e. along standard pressure levels. The 4 and 2 km simulations are initialized by one way nesting of the 8 km
resolution simulation. The 8 km domain has 123 × 95
points (approximately 975 × 750 km2 ) with 23 vertical
levels. The model top is at 100 hPa in all simulations.
The output of the 8 km resolution simulation is written
once every hour in order to provide the necessary tempo-
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Table 1: Overivew of the simulations.

Abbrevation

Obs.
period

Horiz.
resolution

Vertical
resolution

IC & BC

Horiz.
diffusion

CNP value

Ice init.
method

REX8CNTR

All IOPs

8 km

23 σ-levels

ECMWF

Standard

100

Cooper

REX8THoriz

IOP5

8 km

23 σ -levels

ECMWF

Truly horiz.

100

Cooper

REX8NCEP

All IOPs

8 km

23 σ -levels

NCEP

Standard

100

Cooper

REX4CNTR

All IOPs

4 km

40 σ -levels

ECMWF

Standard

100

Cooper

REX4THoriz

IOP5

4 km

40 σ -levels

ECMWF

Truly horiz.

100

Cooper

REX4NCEP

IOP5

4 km

40 σ -levels

NCEP

Standard

100

Cooper

REX4Fletcher

IOP5

4 km

40 σ -levels

ECMWF

Standard

100

Fletcher

REX4Meyer

IOP5

4 km

40 σ -levels

ECMWF

Standard

100

Meyers

REX4CNP200

IOP5

4 km

40 σ -levels

ECMWF

Standard

200

Cooper

REX4CNP50

IOP5

4 km

40 σ -levels

ECMWF

Standard

50

Cooper

REX4CNP30

IOP5

4 km

40 σ -levels

ECMWF

Standard

30

Cooper

REX4CNP30THoriz

IOP5

4 km

40 σ -levels

ECMWF

Truly horiz.

30

Cooper

REX2CNTR

All IOPs

2 km

40 σ -levels

ECMWF

Standard

100

Cooper

REX2THoriz

IOP5

2 km

40 σ -levels

ECMWF

Truly horiz.

100

Cooper

REX2CNP30

IOP5

2 km

40 σ -levels

ECMWF

Standard

30

Cooper

REX2CNP30THoriz

IOP5

2 km

40 σ -levels

ECMWF

Truly horiz.

30

Cooper

ral resolution for the nestdown2 procedure. The 4 and 2
km resolution domains have 37 × 33 and 73 × 65 points
(approximately 145 × 130 km2 ), respectively. There are
2 We used the NESTDOWN post-processing program that comes with

the MM5 modeling suite to interpolate (both vertically and horizontally) the coarse resolution data (i.e. from the 8 km simulations) to
be used as initial and boundary data for the 4 and 2 km simulations.
The advantages of this method are that the model has lateral boundary conditions that use consistent physics with the coarse grid model,
the lateral boundary conditions are available at a high temporal frequency and the vertical structure of the atmosphere is not significantly modified through vertical interpolation.

40 vertical levels in all the 4 km and 2 km simulations.
The values of the three lowest full-sigma levels in the
simulations with horizontal resolution of 4 and 2 km are
0.9885, 0.9975 and 1.0. For the 8 km resolution simulations, these values are 0.985, 0.995 and 1.0. A number of simulations are carried out in order to investigate
the sensitivity of simulated precipitation to model configuration (cf. Table 1). All simulations are done using
version 3-7-3 of the MM5 model. The domain setup is
shown in Figure 1.
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Figure 2: Overview of station location during REX. Stations EYR (Eyrarbakki), VOG (Vogsósar), BLA (Bláfjöll), IMO (Icelandic Meteorological Office, WMO 4030) and Keflavík (WMO 4018) are part of the operational network in Iceland. Other stations, S1, S2, S4, S5,
LEE (taken as mean of three stations), S7a, S7b, S8, S9, S10a, S10b and S11 were installed specifically for the Reykjanes EXperiment.
Station Sandskeið is shown in blue. Topography is shown with height intervals of 100 meters. Results along cross section AB are shown in
Figures 4 to 8.

Figure 3: Terrain and accumulated precipitation during IOP5 as simulated in the REX2-CNP30 run (cf. Table 1). Contour lines (white) of
the terrain are plotted every 250 meters. Location of observation sites are shown by black dots.

In order to investigate the model sensitivity to various parameterizations of the nucleation of cloud ice,
three types of simulations are performed3 by using (1)
a modified Reisner2 bulk microphysics parameterization (BMP) scheme (T HOMPSON et al., 2004) using the
method of F LETCHER (1962), (2) the unmodified Reisner2 scheme based on the method of C OOPER (1986),
and (3) the slightly modified Reisner2 BMP scheme
based on the method of M EYERS and C OTTON (1992).

Another issue in the BMPs is the sensitivity to
aerosol and/or cloud condensation nuclei (CCN) concentrations. CCN is not used directly in the Reisner2 scheme, but there is a parameter that sets the
cloud droplet number concentrations (CNP), which determines the amount of cloud-to-rain autoconversion4
(T HOMPSON et al., 2004). To test the model sensitivity to the CCN spectra, simulations are carried out with
4 The

3 This was done through modifications to files/programs paramr.F and

exmoisg.F in the MM5 modeling system suite.

collision and coalescence of cloud droplets to form raindrops
is parameterized by autoconverting between the mixing ratios of the
two hydrometeor species qc (i.e. cloud) and qr (i.e. rain).
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Figure 4: Observed and simulated accumulated precipitation during IOP5 along cross section AB in Figure 2. Model resolution varies;
solid, dashed and dot-dashed lines represent 8, 4 and 2 km resolution, respectively, as well as treatment of horizontal diffusion (truly
horizontal in blue and standard in red). Observed precipitation is shown by solid black line and station locations are indicated by crosses.
Bottom panel shows the orography along cross section AB in Figure 2, observed (solid line), 8 km resolution (dotted line), 4 km (dashed
line) and 2 km resolution (dot-dashed line).

Figure 5: Sensitivity to different ice initiation methods as simulated by REX4-CNTR (solid line), REX4-Fletcher (dot-dashed line) and
REX4-Meyer (dashed line), cf. Table 1. All three lines coincide with each other. Bottom panel shows the model and actual orography along
cross section AB in Figure 2.
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Figure 6: Sensitivity to different values of CNP at 4 km horizontal resolution, CNP = 100 (CNTR, solid line), CNP = 30 (dotted line),
CNP = 50 (dashed line) and CNP = 200 (dot-dashed line). Bottom panel shows the model and actual orography along cross section AB in
Figure 2.

Figure 7: Sensitivity to various CNP values and treatment of horizontal diffusion at 2 km horizontal resolution. REX2-CNTR (solid line),
REX2-THoriz (dot-dashed line), REX2-CNP30 (dotted line) and REX2-CNP30_THoriz (dashed line), cf. Table 1. Bottom panel shows the
model and actual orography along cross section AB in Figure 2.

different values of CNP5 (30, 50, 100 and 200 droplets
per cubic centimetre). Here, CNP = 30, represents a mar5 The

value of CNP is defined in file paramr.F in the MM5 modeling
system suite.

itime spectrum of CCN, whilst CNP = 200 represents a
more continental CCN spectrum.
Sensitivity of simulated precipitation to how horizontal diffusion of temperature and moisture is calculated
is tested, i.e. whether the diffusion is calculated along
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Figure 8: Sensitivity to different initial and boundary conditions. Simulations using the ECMWF operational analysis is shown in red and
the NCEP operational analysis in blue, for 8 (solid lines) and 4 (dashed lines) km horizontal resolutions. Bottom panel shows model and
actual the orography along cross section AB in Figure 2.

the terrain-following sigma coordinates (referred to as
“standard” in Table 1) or along truly horizontal levels6
(referred to as “Truly horiz.” in Table 1).
All observation periods are simulated on 8, 4 and 2
km horizontal resolution using the ECMWF operational
analysis and on 8 km resolution using the NCEP operational analysis. Table 1 gives an overview of the simulations carried out for this study.

3

Observational data

The Reykjanes mountain ridge in Southwest-Iceland is
about 20 km wide with a crest at about 700 m.a.s.l. (cf.
Figures 1 and 2). During autumn 2002, precipitation was
observed at 18 locations around and across the mountain ridge in SW-Iceland (de V RIES and Ó LAFSSON,
2003). The precipitation was observed by conventional
raingauges of which most were at ground level (Figure
2). The experiment took place from early September until the middle of October and during the whole period,
only liquid precipitation was observed. The maximum
mean precipitation in the mountains during the experiment was observed to be 3–4 times the mean precipitation at the south coast of the peninsula (upstream) and 5–
6 times the precipitation at the north coast of the peninsula (downstream). There was a distinct connection between the wind speed and the topographic precipitation
6 This

is done by giving the parameter ITPDIF a value of “2” in the
mmlif file of the MM5 modeling suite.

gradient; the ratio of precipitation in the mountains to
the precipitation upstream of the mountains in strong
winds was substantially greater than in cases of weak
winds. In addition to the conventional raingauge data,
automatic observations of wind, temperature and precipitation were made at high temporal resolution close to
the crest of the mountain range (station BLA). The observation periods of REX were as follows: IOP1: 9–10
September, IOP2: 12–19 September, IOP3: 19–27 September, IOP4: 29 September–3 October, IOP5: 3–7 October and IOP6: 8–14 October. During the IOPs, precipitation was observed in winds from the south and/or
southeast, with the exception of IOP2, which had easterly winds.

4 Results
4.1

Sensitivity tests during IOP5

Figure 3 shows the accumulated precipitation simulated
using 2 km horizontal resolution and the initial and
boundary conditions from the ECMWF and a CNP value
equal to 30 (REX2-CNP30 in Table 1). A very close
correspondence of the precipitation pattern to local orographic feature is evident, as the precipitation isolines
coincide largely with the topography. The simulated
precipitation is typically about 20–30 mm at the south
coast, while in the mountains the simulated precipitation
is 5–6 times greater than at the south coast.
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Figure 9: Observed (upper left) and simulated soundings at station
Keflavík (WMO 4018) at 00 UTC October 5, based on ECMWF
(upper right) and NCEP (lower left) analysis. Here, an overly dry
layer is present in the ECMWF, and to a considerably less extent
the NCEP, based simulation at approximately 850 hPa.

4.1.1

Sensitivity to horizontal resolution and
calculations of horizontal diffusion

Figure 4 compares the observed precipitation distribution with precipitation simulated using different horizontal resolutions and different ways of calculating horizontal diffusion. Upstream of the mountain, the precipitation is slightly underestimated in the model at the
higher resolutions, but it is overestimated at 8 km resolution. In the vicinity of the crest of the mountain
ridge, the 4 km and particularly the 2 km resolutions
give much greater, and more correct, precipitation than
the simulation with 8 km horizontal resolution. Further
downstream, all the simulations converge towards the
same values that are only about half the observed values. Calculating diffusion along truly horizontal levels
gives slightly less precipitation than the control simulations for all resolutions, but the differences are relatively
small.

4.1.2 Sensitivity to microphysics
Figures 5 and 6 show the accumulated precipitation as
calculated with different cloud ice initiation methods at
4 km resolution and for different values of the droplet
concentration (CNP) at 4 km horizontal resolution. The
simulations reveal no sensitivity to the ice initiation
methods. There is however a substantial sensitivity to the
droplet concentration. Increasing the CNP to 200 gives a
significant reduction in precipitation, while a reduction
in the CNP value increases the simulated precipitation
substantially. At CNP = 30 the simulated precipitation is
comparable with the observations values at the mountain
crest and immediately upstream. Moving downstream
from the mountain crest, the simulations with different
droplet concentrations converge rapidly to giving similar amounts of precipitation. Figure 7 shows the sensitivity of the simulated precipitation to the droplet concentration and using different ways of calculating horizontal diffusion. Calculating diffusion at true horizontal levels gives slightly less precipitation than when us-
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Figure 10: Satellite image taken at 14:30 UTC on 4 October, 2002,
showing a relatively dry layer south of Iceland between two frontal
systems (encircled area). Photo courtesy of the NERC Satellite Receiving Station, Dundee.

ing the standard method. Consequently, the calculated
precipitation appears not to be sensitive to the methods
of calculating the diffusion, independent of whether the
droplet concentration is high or low (CNP 30 or 100).
4.1.3

Sensitivity to initial and boundary conditions

At 4 km resolution the simulation with the NCEP
analysis at the lateral boundaries produces considerably
greater precipitation in the mountains than the simulation forced with data from the ECMWF (cf. Figure 8).
A similar pattern appears at 8 km horizontal resolution.
To give an example of differences between simulations
with the two different data sources, the two 4 km simulations initialized separately using the NCEP and the
ECMWF analyses are compared during a sub-period of
IOP5. The upper air observations at 00 UTC on 5 October from Keflavík (WMO 4018) reveal a relatively dry
layer close to 850 hPa in the simulation with boundary data from the ECMWF analysis. No such layer is
present in neither the observations nor in the simulation
with boundary data from NCEP analysis (Figures 9a–c).
A satellite image taken at 14:30 UTC on 4 October
(Figure 10) shows a relatively dry region south of Iceland between two frontal systems. This region is present
at 850 hPa height in simulations initialized using both
the ECMWF and NCEP analyses (Figure 11). In the
simulation based on data from the ECMWF analysis,
part of this layer is being advected over the Reykjanes
peninsula, SW-Iceland, at 00UTC on 5 October. This
layer is also present in the NCEP based simulation but
is largely limited to the area south and southeast of Iceland.
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Other observation periods

The downslope dryness in the simulated precipitation, as
shown in the case study for IOP5, is apparent for all of
the IOPs. Figure 12 shows this clearly. Here, “upstream”
is defined as the mean of points EYR and VOG in Figure 1. Further, “top” and “downstream” are defined as
the mean of points S2, BLA and S4 and points S10a,
S10b, S11 and IMO, respectively (cf. Figure 2). For the
sake of clarity, Figure 12 only shows results at 8 and 2
km horizontal resolution. On the upstream side, the simulated precipitation decreases consistently with increasing resolution. Close to the crest (mountain top), there
is consistently greater and in most cases more correctly
simulated precipitation at horizontal resolution of 2 km
than at 8 km. Downstream, the 2 km simulations give either similar or more precipitation than the 8 km simulations. In all, except IOP2, the downstream precipitation
is grossly underestimated by the simulations. In general,
the simulations based on NCEP data are either similar
or wetter than those that are based on ECMWF data.

5 Discussions and conclusions
The sensitivity of precipitation to horizontal resolution
corresponds with the representation of the topography at
the different resolutions. As the resolution is increased
from 8 to 2 km, the numerical model is able to reproduce the precipitation observed in REX quite realistically close to the crest of the mountain range. However, as in G RUBIŠI Ć et al. (2005), simulated precipitation downstream of the ridge does not improve as model
resolution is increased. The model underestimates the
precipitation over the lee slopes regardless of horizontal
resolution. This systematic underestimation of the precipitation downstream may be one of the key results of
this study and it calls for further discussion. Figure 13
shows observed (at approximately 10 m.a.g.) and modelled (REX2-CNTR, approximately 50 m.a.g.) surface
wind speed at Keflavík, about 30 km west of the mountains and at Sandskeið (cf. Figure 2)7 . The southerly
winds giving precipitation during REX are basically unperturbed by the mountains when they pass over Keflavík, while Sandskeið is located on the downstream
side of the Reykjanes mountains (cf. Figure 2) . The figure reveals that the model overestimates the winds and
that the overestimation is greater at Sandskeið than at
Keflavík. There is greatest wind overestimation in IOP1,
which along with IOP4, IOP5 and IOP6 give the greatest
underestimation of the downstream precipitation. These
results indicate that the downslope winds and possibly the descending motion downstream of the mountain
7 Winds

are retrieved from the second lowest half-sigma level, which
is close to 50 m above the ground. Of all levels, including 10 m above
the ground, this level gives winds that are closest to observations.
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Figure 11: Simulated surface winds [m/s] and relative humidity [%] at 850 hPa for REX8-CNTR (left) and REX8-NCEP (right) at 00UTC
on 5 October.

crest may be systematically overestimated by the model.
Overestimation of the winds aloft can lead to an overestimation of the spill-over (see G ARVERT et al., 2005)
but an overestimation of the downdrafts can lead to an
overestimation of the evaporation (see C OLLE, 2004 for
related tests). This calls for 3D verifications of the simulated flow fields by for instance airborne lidar observations. Such observations will hopefully be carried out
in the upcoming field experiments (OFF-GREEN and
GREENEX-THORPEX) in association with the International Polar Year.
Other processes may also be responsible for at least
some of the downstream precipitation deficit, such as
underestimation of snow in the model (see C OLLE et al.,
2005). Snow has lower fall speed than graupel or rain
and is consequently advected downstream more easily.
The existence of cold air pools acting as a virtual extension of the mountain should also not be ruled out.
If such a pool is not reproduced by the model, the descending motion will be overestimated in the model and
consequently the evaporation too (see Z ÄNGL, 2005).
However, most of the time, wind speeds are too high to
allow for such a flow pattern and if they exist at all in our
experiment, they are presumably only present for a very
short time. Further, if the simulated upstream precipitation is unrealistically efficient (see LYNN et al., 2005)
such that a small amount of hydrometeors is left in the
flow passing over the mountain peak, one would expect
similar results as presented in this paper. Lastly, it can
not be ruled out that the incoming flow is unrealistically
dry.
The model shows considerable sensitivity to cloud
droplet concentration spectra on the windward side of
the mountain and close to the mountain top, but no sensitivity to the ice initiation methods. This is in line with the
sensitivity tests by C OLLE and Z ENG (2004a, 2004b; see

also C OLLE et al., 2005) and underlines the importance
of the cloud droplet spectrum for precipitation simulations.
There is not much sensitivity to how the horizontal
diffusion is calculated. This result deviates somewhat
from Z ÄNGL (2004), but may be associated with the fact
that winds are relatively strong in our cases.
A relatively dry layer close to 850 hPa is erroneously
represented in the ECMWF operational analysis during
a brief subperiod of IOP5. The layer appears to contribute to the underestimation of precipitation on the
crest of the mountain range, but the layer is only present
for a very short period in time (approximately 3 hours)
and has little impact on the overall results. General conclusions can hardly be drawn from the presence of such
a layer, but a detection of an error of this kind may
be helpful in improving the analysis procedures of the
ECMWF model.
The results from this study indicate that the precipitation mapped at 8 km resolution as in B ROMWICH et
al. (2005) and RÖGNVALDSSON et al. (2004 and 2007)
gives too small maxima over the mountain crest and
far too little precipitation directly downstream of the
crest. The former was in fact tested by B ROMWICH et al.
(2005). This can have considerable economical implications, as the spatial distribution of precipitation plays a
key part in planning and use of water resources.
Quantitative precipitation forecasts in the mountains
of Iceland are of economic and social value. Currently,
the MM5 model is run for weather forecasting for Iceland with a 3 km horizontal resolution and the results
presented here indicate that the precipitation forecasts
close to the crest and immediately upstream of mountain ranges of the size of the Reykjanes mountains may
be improved by decreasing the CNP value from the default value (i.e. CNP = 100).
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Figure 12: Ratio of simulated minus observed to observed precipitation upstream (top panel), at mountain top (middle panel) and downstream (bottom panel) for REX8-CNTR (dashed), REX8-NCEP (dots) and REX2-CNTR (solid) for all IOPs. The zero line indicates a
perfect fit between observations and simulations.

Figure 13: Simulated (REX2-CNTR, dashed line) and observed (solid line) surface mean winds, during precipitation at Bláfjöll station, at
Keflavík (top) and Sandskeið (bottom). For station location see Figure 2. Simulated wind is at approximately 50 m.a.g. and observed at 10
m.a.g.

The tests presented in this paper further emphasize
the well known importance of initial and boundary data
for high-resolution simulations. The current operational
forecasting suite in Iceland uses only initial and boundary data from the ECMWF. Implementing parallel forecasting suites using other available data sources, such
as the NCEP (GFS) may provide useful information for
operational forecasting.
The observations during REX and the simulations
presented in this paper underline the variability in the
precipitation pattern in a small mountain range. Our
study strongly suggests that in order to validate numerical simulations and map the precipitation in this region
and in similar regions of the world, a dense observation
network is needed. The temporal resolution of precipita-

tion observations should be at least one hour, and preferably higher. In order to improve the quality of the numerical simulations and in particular to explain and reduce the dryness of the simulations on the downstream
side, four-dimensional observations of the flow and the
microphysics should also be undertaken. This will hopefully be dealt with in future REX programmes.
From the numerical simulations and comparisons
with observations during the REX experiment in SWIceland, it can be concluded that much is to be gained
in quantitative precipitation mapping and forecasting by
going from 8 km to at least 2 km horizontal resolution.
Our current tool, the MM5 model, produces precipitation which is quite sensitive to the droplet spectrum, but
not to the ice initiation method. The downslope precipi-
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tation is systematically underestimated and this calls for
3 to 4 dimensional observations to validate the flow field.
Such a task will hopefully be undertaken in the upcoming field experiments of the International Polar Year.
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