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Abstract. Using measurements from the national network of 1  Introduction

12 weather radar stations for the 11-year period 2000-2010,

we investigate the large-scale spatio-temporal variability ofPrecipitation is one of the important components in the
precipitation over Sweden. These statistics provide usefuplobal and regional water- and energy cycles and one that
information to evaluate regional climate models as well ashas profound influence on human lives from daily to seasonal
for hydrology and energy applications. A strict quality con- timescales. From a climate perspective, the changes in pre-
trol is applied to filter out noise and artifacts from the radar Cipitation characteristics such as distribution, frequency, and
data. We focus on investigating four distinct aspects: the di-2mount and variability can have significant consequences for
urnal cycle of precipitation and its seasonality, the dominantthe long-term planning and consumption of the resources.
timescale (diurnal versus seasonal) of variability, precipita-Therefore, considering the importance of precipitation prop-
tion response to different wind directions, and the correla-€rties, global and regional climate models often strive to cap-
tion of precipitation events with the North Atlantic Oscil- ture their statistical nature as accurately as possible so as to
lation (NAO) and the Arctic Oscillation (AO). When clas- better predict any future changes (Dai, 2006).

sified based on their intensity, moderate- to high-intensity From an observational perspective, tools such as rain
events (precipitation>0.34 mm/3h) peak distinctly during gauges (Schneider et al., 2011), weather radars (Huuskonen
late afternoon over the majority of radar stations in sum-etal., 2013; Zhang et al., 2011) and satellite sensors (Adler et
mer and during late night or early morning in winter. Pre- al., 2003) can be employed to monitor and document precip-
cipitation variability is highest over the southwestern partsitation behaviour. In recent years, considerable efforts have
of Sweden. It is shown that the high-intensity events (pre-been dedicated to produce climate-quality observational data
cipitation > 1.7 mm/3 h) are positively correlated with NAOQ records of precipitation based solely on one of these tools or
and AO (esp_ over northern Sweden)' while the low inten-& combination of them. For a high—latitude country like Swe-
sity events are negatively correlated (esp. over southeaste@en, weather radars offer a viable alternative to satellite ob-
parts). It is further observed that southeasterly winds ofterservations and rain-gauge measurements. Satellite-based ob-
lead to intense precipitation events over central and northergervations still suffer from limited accuracy over land (esp. at
Sweden, while southwesterly winds contribute most to thehigher latitudes) and rain-gauge stations are spatially sparse.
total accumulated precipitation for all radar stations. Apart The high spatial and temporal resolutions of weather radars
from its operational applications, the present study demonWith their wide area coverage at near-real time make them

strates the potential of the weather radar data set for studyingnmensely useful for operational monitoring. The success
climatic features of precipitation over Sweden. stories of such applications can be seen from international

initiatives such as BALTRADI{ttp://www.baltrad.ey/
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The usefulness of long-term radar data for the climate ap-
plications has also been demonstrated in a number of studies
For example, Rudolph et al. (2011) used a 9-year radar datz
set to investigate the relationship between precipitation and
synoptic-scale weather patterns in the European Alps region,
while Rudoplh and Friedrich (2013) have studied the verti-
cal structure of precipitation and its seasonality. Previously
Carbone and Tuttle (2008) used radar data over the mainlanc
USA to examine the diurnal characteristics of rainfall and the
meteorological conditions driving the diurnal cycle (esp. the
role of propagating systems). Overeem et al. (2009) derived
a 10-year climatology of radar-based rainfall for climatolog-
ical and hydrological applications. Matyas (2010) has further
emphasized the importance of weather radar for such appli-
cations. Germann et al. (2006) have provided solutions using
radars to study orographic precipitation in a rather difficult
mountainous region of the Swiss Alps.

In Sweden, apart from their operational use, more than
a decade of continuous precipitation observations from
weather radars located at 12 carefully chosen locations has
allowed the investigation of large-scale statistics of precip- 5"y le..
itation to gain insight into climatic aspects. In the present SE
study this potential of the weather radar network is exploited
to explore different aspects of precipitation variability. The Figure 1. Geographical position of the 12 radars in Sweden. The
focus is especially placed on presenting statistics that camreas enclosed by circles are used for analysis.
be used for evaluating climate models. The next section de-
scribes the weather radar data set, its processing and quality
control. Section 3 discusses the results and the final sectioapectrum width. The equivalent radar reflectivity factog,
presents the conclusions. is measured by the radars in units of dBZ. The Swedish

weather radars have a dynamic range of 8 bits and measure

Ze between—30 and 71.6dBZ in steps of 0.4 dBZ. To pro-
2 The weather radar data set tect the radar receiver from overload the signal is damped by

60 dB near the radar, making the data of the first two range
As part of the Baltic Sea Experiment (BALTEX) the BAL- bins unusable. The radars have a half-power beam width of
TEX Radar Data Centre (BRDC) was established at the0.9* and two pulse repetition frequencies are used to increase
Swedish Meteorological and Hydrological Institute in 1999. the maximum unambiguous velocity for the wind field mea-
Since then, the BRDC collects and archives data from aroundurements. The data processing managed by the radar signal
30 weather radars from countries adjacent to the Baltic Segprocessor and the data are output in matrices consisting of
The BRDC also generates radar-based products includind20x 420 radar cells for every elevation scan. The radial res-
radar reflectivity images of individual radars, composite im- olution of each radar cell is 2 km for the lowest four elevation
ages of radar reflectivity, and images for 3 and 12 h accumuangles and 1 km for the others. The azimuthal resolution of
lated precipitation (for details, see Michelson et al., 2000).a cell is 360/42@= 0.86 for all elevation angles. The radars
In this study we have used the BRDC 3 h accumulated preperform azimuthal scans of 36@round a vertical axis for 10
cipitation images to investigate the diurnal and seasonal deelevation angles, from 0.5 to 40Together, these scans make
pendence of precipitation. As our main interest is precipita-up polar volume data sets which are provided with an update
tion over Sweden we have limited the images to areas covtime of 15 min. Further technical characteristics of the radars
ered only by the Swedish radars. However, as explained beare summarized in Table 2.
low, measurements very close to and very far from weather From the polar volume data sets horizontal cross sections
radars may have lower quality. We have therefore further lim-of radar reflectivity at a certain altitude can be generated.
ited the data to areas with radius 5 km<80 km around the  Such cross sections are referred to as constant altitude plan
Swedish radars to improve the data quality. position indicator (CAPPI). A similar product is the pseudo-

The Swedish weather radar network consists of 12 hori-constant altitude plan position indicator (PCAPPI) which is
zontally polarized Ericsson C-band Doppler radars, provid-defined as the CAPPI where available, and over areas where
ing almost complete national coverage (see Fig. 1 and Tano data exist at the specified altitude the measurement near-
ble 1). The radars measure reflectivity, radial velocity andest in height is selected. At the BRDC the PCAPPI is defined
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Table 1. Listing of weather radar stations over Sweden.

Altitude
Station  Station above sea
number name WMO ID Latitude) Longitude ¢) level (m)
1 Kiruna 2032 67.7088 20.6178 647
2 Luled 2092 65.4309 21.8650 68
3 Ornskéldsvik 2262 63.6395 18.4019 522
4 Ostersund 2200 63.2951 14.7591 466
5 Hudiksvall 2334 61.5771 16.7144 389
6 Leksand 2430 60.7230 14.8776 457
7 Arlanda 2451 59.6544 17.9463 74
8 Vilebo 2570 58.1059 15.9363 223
9 Ase 2588 57.3035 18.4001 85
10 Karlskrona 2666 56.2955 15.6103 123
11 Angelholm 2606 56.3675 12.8517 209
12 Vara 2600 58.2556 12.8260 164
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at 500 m altitude above the corresponding radar and is genFable 2. Technical characteristics of the Swedish weather radars.

erated using scans from all available elevation angles.

The BRDC 3 h accumulated precipitation composite im- Elevation angles 0%1.00, 25,40,80,
age is generated by converting the equivalent radar reflec- 15,20 14,24, 40
tivity factor to precipitation rate for individual PCAPPI im- Transmitted power 250 kW 250 kKW
ages, summing the images, adjusting the precipitation rate  Wavelength 5.35¢cm 5.35¢cm
using rain-gauge measurements, and finally compositing the  Gain 44.7dB 44.7dB
images. The composite image has a spatial resolution of  Pulse width 0.5us 0.5ps
2x 2 km. At the BRDC the equivalent radar reflectivity factor Beam width 0.9 0.9
is converted to precipitation ra® (mm h™1) using the em- PRFs 600/450Hz  1200/900 Hz
pirical relationshipZe = aR” (see e.g. Battan, 1973), with Rotational speed 2rpm 2rpm
a =400,b = 2 for the cold season (October to March) and Measurement radius  240km 120km

. Radial resolution 2km 1km
a=200,b =15 for the warm season (April to September). Azimuthal resolution 0,85 0.86°

Measur_ements' at increasing (_jlstgnces from t.he radars are Range bins 120 120
made at increasing heights (with increasing risk of over- Azimuth gates 420 420

shooting precipitating clouds). Measurements made at large
distances from the radar may therefore be of lower quality.

Rain gauge measurements, which are considered to produce
high-quality point measurements, are therefore used by the

X . . used to ensure that sufficiently many observation pairs ex-
BRD? tq calibrate the summed radar images and to adjus?st. At each following 3 h interval up to the next 12 h analy-
for this distance dependence.

The gauge adjustment method employed by the BRD sis, a 3-hourly composne accumqlatlon ana}lyss is generated
. - ased on the previously determined relationships between
is based on a method presented by Koistinen an . . .

00;¢ (gauge/radar) and range. This results in a rain-gauge

Puhakka (1981) with a number of modifications (M'Chelson&(}justed radar composite image in which the quantitative ac-

etal., 2000). Rain gauge accumulations are accessed at 06: . . -~
and 18:00 UTC every day. The rain-gauge measurements arceuracy is largely determined by the rain-gauge values and the

corrected using a modified version of the Dynamic Cor- Spatial distribution is determined by the radar data.

rection Model (Fgrland et al., 1996) before they are used a-;hi ;j.i s(i:nterft :T{S%é'r\?eer V\;IQSS;’: r;sa:f[ejn;zer:eg?h[;tcssuf-
for the gauge adjustment (Michelson, 2004). Radar accu-g 9 ) y y

mulation measurements, corresponding to the location O{iciently many gauge-radar observation pairs exist, but it
' P 9 may also make the method less accurate in periods in which

the rain gauges, are used to generate gauge—radar obser-

vation pairs. A second-dearee polvnomial is then fitted to apid changes to the vertical profile of reflectivity occur.
paurs. gree poyn Koistinen and Michelson (2002) evaluated the performance
log,o (gauge/radar) as a function of distance from the near-

est radar. Onlv rain-gaude measurements above 0.5mm a (g the BRDC gauge adjustment method on 12 h accumula-
' y rain-gaug u ve >. Nfon images using data from the winter 1999-2000 and the

radar gccumu!afuons above 0.1 mm are taken into accountSummer of year 2000. They found that the average bias of
To avoid overfitting, measurements from the last 7 days ar

%he gauge-adjusted accumulation image and the rain-gauge
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measurements was less than 1dB at all ranges in summdble 3.Binning of precipitation intensity into eight bins.
and less than 1 dB in winter for ranges up to 160 km.

In order to remove radar echoes not originating from pre- Precipitation
cipitation the BRDC applies a filter using satellite observa- Bin intensity (mm/3h)
tions. In areas classified as cloud free by the satellite obser- 1 0.1-0.14
vations this filter removes all radar echoes. For details, see 2 0.14-0.21
Michelson (2006). 3 0.21-0.34

Further improvements to the BRDC's radar accumulation 4 0.34-0.55
images could be made by introducing precipitation phase 5 0.55-0.96
type-dependenZ—R relationships (in order to separate rain 6 0.96-1.7
from e.g. snow or hail) and by treating convective and strat- 7 1.7-3.25

8 3.25-100

iform precipitation separately. By using a vertical profile of
reflectivity (VPR) correction before applying the gauge ad-
justment technique the “bright band” effect (strong returns
from the melting layer) could be minimized. Applying such Fig. A2 in the Appendix. During the majority of the time the
methods would almost certainly improve the quality of the availability of radar composites is well over 90 %. During a
data. However, one of the great strengths of the BRDC'’s datdew months from 2000 to 2004 the BRDC experienced data
set is that its methods have remained unchanged for morgyss (resulting in 11 months with less than 75% data avail-
than a decade, making the data set homogeneous and welbility).
suited for long-term studies. Since the main goal of the present study is to learn more
Obstacles such as high buildings or mountains in lineagbout the large-scale features, the spatial information of the
of sight of radar may yield large reflections (clutter) that pixels around an individual radar station is not used in the
the built-in clutter filters are sometimes unable to sup-analysis.
press completely. This can occasionally leave unreason-
ably large precipitation values in the data. For the purpose
of this study we have therefore, in addition to the above-3 The spatio-temporal variability of precipitation
described quality controls employed by the BRDC, applied
a filter that removes any radar cell that on a given monthwe focus on investigating four distinct aspects of the spatio-
or year shows an accumulated precipitation higher thanemporal variability in precipitation in the present study.
500 mmmontfi* or 2000 mmyear! (the highest amounts First, we examine the diurnal cycle of precipitation and its
ever recorded by rain gauges in Sweden are 429 mmménth seasonality. Then, we investigate the dominant timescale (di-
and 1866 mmyear). urnal versus seasonal) of the precipitation variability. Further,
In this study we have used all pixels from the compos-the correlation of precipitation with the major modes of nat-
ite images found within a radius of 5-80km around eachyral variability in the Northern Hemisphere, i.e. the North
of the 12 Swedish radar stations to generate data sets of agitiantic Oscillation (NAO) and the Arctic Oscillation (AO),
cumulated precipitation every 3h. The number of pixels for js examined. And finally, we investigate the influence of wind
any radar station is approximately 5150. However, the abovedirection on the observed precipitation amount.
described filter can reduce the actual number of pixels on a
given year and month. Figure Al in the Appendix shows the3.1 Diurnal variations in precipitation
number of pixels used for each of the radars as a function of
time. The smallest number of pixels for any radar at any timeSimulating the diurnal cycle of precipitation accurately is one
was 3499 but for the majority of the time the numbers of pix- of the main challenges faced by climate models. For exam-
els removed were far fewer. The average number of pixelple, coupled climate models have a tendency to produce con-
used per month per radar was 5024. The smallest number ofective precipitation too early and too frequently compared
pixels (3499) is still more than enough to statistically repre-to observations during the warm season (Dai, 2006; Jeong
sent rainfall distribution (the calculated margin of error re- et al., 2011). In general, the diurnal cycle of precipitation
mains less than 1.6 %). Furthermore, probability distributiondepends on many factors, such as geographical position, sea-
functions (PDFs) of rainfall for all stations look very sim- son, surface characteristics etc. But perhaps the most govern-
ilar (as reflected in Fig. 3), in spite of different number of ing and dynamical factor influencing the diurnal cycle is the
samples. We have also inspected the PDFs for radar stationsle of atmospheric conditions leading to precipitation. For
during periods of less data and compared to the correspondexample, spatio-temporal characteristics of precipitation are
ing PDFs for periods with near-full coverage. The difference quite different during the passage of frontal systems as op-
between these PDFs is negligible. These aspects give us copeosed to those during local convection. This is especially true
fidence that the sampling errors are least likely to influencefor Sweden where both the frontal systems and local convec-
our results. The availability of radar data in time is shown in tion contribute to the total annual precipitation.
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Walther and Bennartz (2006) showed that, over the Baltic o MaM HA soN
Sea region (where Sweden has a very long coastline), pre:
cipitation events attributed to frontal systems constitute two- s
thirds of all events. However, they also observed strong sea-
sonal variability in the number of precursor frontal systems. , o
For example, the fraction of non-frontal systems was by a
factor of 2—3 higher during the summer half of the year. This
aspect certainly influences the diurnal cycle of precipitation.
For example, the peak time of diurnal cycle will vary con-
siderably from one synoptic event to another depending on
the dynamical state of the atmosphere and surface interac
tions during the passage of the frontal system over the study PRRMUURSURN | SRSV | KU | S|
region. However, during peak summer, strong surface heat- UTG tme of day
ing and moisture availability leads to a well-defined diurnal
cycle of convection (and the resulting precipitation) that usu-Figure 2. Diumal cycle of total precipitation for the 12 radar sta-
ally peaks during the late afternoon or early evening. Fig_tlons and its seasonal variation. The values ondtaxis are UTC
ure 2 shows the precipitation frequency in order to study thehours'
intrinsic variability in the peaks of the diurnal cycle for 12

radar stations in Sweden during four seasons. The precipigccyr between late evenings to early morning irrespective of
tation frequency is computed as the number of observationg,e season.

when precipitation was encountered divided by total num- oy results for the diurnal cycle of precipitation are in

ber of observations. Only in the summer season do the Mageneral agreement with the comprehensive study by Jeong
jority of stations show diurnal cycles peaking at the samegt 5|, (2011), who use data from the network of rain-gauge
time (15:00-18:00 UTC), while in the winter season, there iSstations across Sweden. Our value addition lies in the fact
no clear diurnal peak time tendency across the stations. Thgyat we further classify precipitation based on intensity to in-
other two seasons show mixed peak times. The majority of estigate diurnal cycles and also that we analyse the four sea-
stations show well-defined and higher amplitudes in precipi-gong separately. Furthermore, our analysis is based on a com-

tation frequency during summer, while the diurnal cycles arep|etely different observational platform with a much higher
quite flatter in other seasons, especially in spring. spatial resolution.

It is also of interest to understand when the precipitation
events with different intensities peak during different sea-3.2 Diurnal versus seasonal variability
sons. This information is not only useful to evaluate climate
models, but also for hydrology and for the planning of re- Since precipitation is a result of various thermodynamical
sources and energy. Therefore, as shown in Fig. 3, we clasand radiative processes and their couplings and interactions
sified 3h precipitation accumulations into eight categorieswith each other, a great deal of confidence can be placed in a
based on their intensities. The bin size is chosen in such alimate model if it is able to simulate precipitation variability
way that there are roughly the same numbers of samples iat various spatio-temporal scales. The coefficient of variation
each bin, thus making statistical comparison more robust. Ta¢{CQOV, defined as standard deviation divided by mean) is a
ble 3 summarizes the boundaries of each intensity bin. Suckimple yet very powerful statistical metric to study precipi-
classification of precipitation events provides us with moretation variability. It facilitates comparison for the quantities
detailed knowledge of the timing of their occurrence at dif- that could have different sample means, as in the case of the
ferent intensities. Figure 4 shows the results of this analysispresent study, where there is large precipitation variability
In winter and spring, there is no clear general tendency in theacross radar stations (see Fig. 2). In Fig. 5, COV is expressed
timing of precipitation peak across radar stations and inten-as a function of each 3 h time bin and season for each of the
sity bins. It is to be kept in mind that, as shown in Fig. 2, 12 radar stations. This not only provides us with an overview
the diurnal cycles of precipitation during these months areof precipitation variability across all stations, but more im-
quite flat. The processes leading to precipitation (for exam-portantly, allows us to compare whether the diurnal or sea-
ple, passage of mid-latitude cyclones) do not depend, to @&onal variability is more important for an individual station.
first order, on the local-scale diurnal variations and thus doWe computed the areal average precipitation amount for each
not result in any preferred timing of peak in precipitation. 3 h time step in a chosen season. Then we computed the stan-
In summer, the majority of stations show a late afternoondard deviation over all these areal averages and divided it by
peak for low- and moderate-intensity events. In autumn thethe mean of all these areal averages.
low-intensity events peak during late night or early morning. The highest precipitation variability is observed over
In the majority of cases, the highest intensity events (bin 8)southwestern Sweden, central eastern Sweden and the north-
ernmost parts of the country. On the other hand, lower
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Figure 3. Normalized frequency of occurrence of accumulated pre- . ‘ ; ;
cipitation intensity (mm/3 h) for the 12 radar stations based on the 03 3-8 8-9 942 1215 1518 1821 2124

entire data record (2000—-2010). The vertical lines show eight bins_. . . .
chosen in such a way that the number of observations is roughl?':Igure 4.UTC time (hour of a day) of the diurnal cycle peak. Eight

similar in each intensity bin subplots correspond to eight precipitation intensity bins defined in
ybin. Table 3, and each subplot shows peak times for the 12 stations and
four seasons.

precipitation variability is observed over the southeastern

parts. The northeastern parts of the country also experience

lower variability. There is also a general tendency that thel000 hPa geopotential height anomalies poleward 6MN\20
seasonal variations in precipitation are stronger during latel he first mode from this analysis, which is the leading mode

nights and early mornings (time bins 1 and 8). of variability, is used to construct AO indices by project-
ing 1000 hPa height anomalies onto this mode. In the case
3.3 Correlation with NAO and AO indices of the NAO index, Rotated Principle Component Analysis

(RPCAmM using Varimax rotation) is carried out on 500 hPa
The North Atlantic Oscillation (NAO) and the Arctic Os- geopotential height anomalies to obtain the leading telecon-
cillation (AO) are considered to be dominant modes of at-nection pattern. The NAO index is further calculated using
mospheric variability in the Northern Hemisphere (Hurrell, least-squares regression.
1995; Thompson and Wallace, 1998; Christiansen, 2002). The changes in the meridional temperature gradient
The NAO and AO indices are defined by taking into consider-and strengthening/weakening of westerlies during different
ation different physical metrics. While the emphasis is placedphases of these oscillations eventually determine the advec-
on the strength of atmospheric circulation over the Arctic andtion of heat and moisture across the North Atlantic and the
the resulting geopotential height anomalies in defining theneighbouring continents. In general it is observed that dur-
AO index, the state of the two pressure systems in the Northng their positive phases, the winter storms are more fre-
Atlantic Ocean (one over the Icelandic region and the othemuent and extend over northern Europe, especially Scandi-
over Azores) is taken into account while defining the NAO navia. Chen (2000), Linderson (2001) and Hellstrém (2005)
index. There exists debate as to which one of these oscilhave analysed different weather states and circulation pat-
latory systems can be understood in a physically meaningterns over Sweden. Chen (2000) and Linderson (2001) have
ful way (Ambaum et al., 2001). However, there is no am- shown that, during winter (when NAO/AQO are most active),
biguity with regard to their influence on the climates of the westerly and southwesterly winds are often dominating the
North Atlantic Ocean and surrounding continents. They haveweather state classification.
first-order impact on the observed inter-annual changes in Figure 6 provides an overview of meteorological condi-
the water and energy cycle over these regions. This also apions during strongly positive (>dl) and negative phases
plies to the Scandinavian region, especially during the winter(< —1o0) of the Arctic Oscillation over northern Europe.
half of a year. The AO and NAO indices used in this study It shows the dominant wind patterns and temperature and
are obtained from the National Oceanic and Atmosphericwater vapour anomalies at 850 hPa for 2002—2012. The wind
Administration’s (NOAA) Climate Prediction Centre (CPC), data are obtained from the European Centre for Medium
and are found herdittp://www.cpc.ncep.noaa.gov/products/ Range Weather Forecasts (ECMWF) Interim reanalysis
precip/CWIlink/daily_ao_index/teleconnections.shtrihey (ERA-Interim) (Dee et al., 2011), while temperature and
are computed as follows. The Empirical Orthogonal Func-water vapour retrievals from the Atmospheric Infrared
tions (EOF) analysis is carried out on the standardizedSounder (AIRS) sensor onboard NASAs Aqua satellite
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Figure 5. Coefficient of variation (standard deviation divided
by mean) for precipitation for each 3h bin and season. The &n
12 subplots correspond to the 12 radar stations (denoted by S1
to S12) over Sweden. The geographical location of these sta-
tions is shown in Fig. 1. The 3h bins numbered 1-8 are UTC |
hours from 00:00-03:00, 03:00-06:00, 06:00-09:00, 09:00-12:00, “ "
12:00-15:00, 15:00-18:00, 18:00-21:00 and 21:00-24:00 respec: 4 0 i 2 o s
tively.

e)

5N
are used for analysis (Chahine et al., 2006; Fetzer, 2006).
It can be clearly seen that, during positive phases, strong
westerly/southwesterly winds bring heat and moisture s~ - “4§
towards the Scandinavian region as is evident in the pos- §
itive temperature and water vapour anomalies, while the | "< :
opposite is true during negative phases. As the contribution® “_::-
of convective precipitation to the total is very small over s 0 0s

Sweden during winter due to the lack of solar heating, . ) ) .
Figure 6. An overview of meteorological conditions at 850 hPa dur-

the frontal systems remain the dominant driver behind the|ng enhanced positive (EP) and negative (EN) phases of the Arctic

observed anomalies |n.t.em.perature and water vapour angscillation. The top rowd andb) shows wind conditions (nTs'),
thus the source of precipitation (e.g. Walther and Bennartzy,« middie row shows temperature anomaliesudd; in K) and
2006). Since these systems are in turn heavily influenceghe pottom row shows water vapour mass mixing ratio anomalies
by NAO and AO indices, the precipitation response to both(e andf; in gkg1). The data from November through March from
indices is also expected. This aspect is investigated in the003-2012 are used.

present study and the results are shown in Fig. 7. We divided

precipitation events into three categories based on their

intensity, namely low (intensity <=0.34 mm/3 h), medium negatively correlated. The statistical significance of these
(0.34<intensity<=1.7mm/3h) and high>1.7mm/3h), correlations is also very high. In particular, high-intensity
with the further aim of understanding whether different events over northern Sweden are strongly positively cor-
intensity events respond differently to the changes in largetelated with AO/NAO indices, while low-intensity events
scale circulation represented by the NAO and AO indices.over southeastern Sweden are strongly negatively correlated.
Figure 7 shows the correlation of accumulated monthlyWhen November and March months are included in the
precipitation with these indices (left column) for two analysis, the general tendency of positive/negative correla-
scenarios, first when only the DJF months are included intion with high/low-intensity events becomes even stronger.
the analysis (top two rows) and the other when the NDJFMStation 1 is most northerly in the study area. The AO-type
months are included (bottom two rows). The subplots tovariability has the first-order impact on the precipitation
the right show confidence levels at which these correlationsharacteristics over this region during the winter half of
are significant. It is indeed interesting to note that for thethe year. The Atlantic storms reaching far easterly regions
majority of the radar stations, high-intensity precipitation over the Norwegian Sea during positive phases of the
events are positively correlated with the monthly NAO and AO and subsequent baroclinic instabilities affect not only
AO indices. The low-intensity events, on the other hand, arehigh-intensity precipitation events, but also meteorological
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Figure 7. Correlation of low (L, intensity<0.34mm/3h),
medium (M, 0.34<intensity<1.7mm/3h) and high (H, inten-
sity > 1.7 mm/3 h) intensity precipitation events (left column) with
the NAO and AO indices over the 12 radar stations. The top two
rows show results for the DJF months, and the bottom two rows  0.06 3
show results for the NDJFM months. At right, columns shows con- N
fidence levels (0—100 %) at which the observed correlations are sig- :

nificant.

regimes that lead to persistent drizzling. In addition, during

the last decade, the centre of action of AO has shifted more .06

towards easterly regions such that it has greater impact or

this northerly station. | DJF MAN 1A SON
The results point out the influence of AO/NAO on the pre-

cipitation patterns over Sweden. Considering the fact thakjgyre g. Distribution of wind direction at 850 hPa at the 12 radar
nearly 50 % of energy production in Sweden is based on hy=stations during different seasons based on the daily data from ERA-
dropower, where precipitation plays an important role, anyinterim reanalysis. The PDFs were computed for the same time pe-
future change in the influence of AO/NAO on precipitation riod as that of radar data (i.e. 2000-2010).
will likely have an impact on the national energy policy
(Cherry et al., 2005). Further regional modelling studies are
required to investigate these aspects in detalil. 3.4 Precipitation response to wind direction

A few previous studies have investigated the influence

of Iarge—scale circulation on Swedish precipitation (e.g. Having detailed knowledge of precipitation response to wind
Busuioc et al., 2001; Johansson and Chen, 2003; Uvo, 2003;

. s 3tiirection is important for a country like Sweden where
HeIIsFrom, 2005; Gustafsson et al., 2010). In partlcu_lar,a varied directional interplay of meteorology, topography
BU_SU'OC et al. (_2001) a_n_d U_VO (2003) analysed t_he re_latlon-and neighbouring oceanic regimes eventually determines the
ship of NAO with precipitation over Sweden. It is difficult longevity of frontal systems and the amount of moisture
tq directly compare our results with those studies due tq thqransport in the atmosphere. For example, the conditions
different study penods,. Igngths of ldata records and redIMe3re often conducive for precipitation when strong and moist
of NAO. Nevertheless, it is interesting to note some S|m|Iar|-Winds from a westerly direction (North Atlantic/North Sea
ties — for example, relatively high correlations over northern origins) arrive over land, compared to conditions under dryer
Sweden and low correlations over southeastern Sweden. Bé{nd colder winds of northeasterly origin. Figures 8 and 9

partitioning the precipitation events into low, medium and g, the PDF of wind direction and the corresponding mean
high categories and by analysing the precipitation record forvvind strength at 850 hPa over the locations of the 12 radar

the most recent decade, here, we complement these earli§f,+ions. The PDEs were computed for the same time pe-

studies. riod as that of radar data (i.e. 2000-2010) using daily av-
eraged ERA-Interim data (Dee et al., 2011). The grid boxes
covering the radar domain were averaged. It is evident that,
in general, westerly winds dominate over all locations irre-
spective of season. In northern Sweden, both northwesterly
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Fig. 11. For a given radar station, we computed the relative
contribution of each wind condition to the total number of
precipitation events.

Figure 10 shows a clear tendency that in northern Sweden
(station 1 up to station 7) southeasterly winds are mainly re-
sponsible for the highest daily precipitation rate (nearly 40 %
of the time), while in the southern parts of Sweden it is south-
westerly winds that lead to the highest daily precipitation rate
events. The latter is especially true for stations near the south-
western coast. In the case of the northerly stations, Norwe-
gian mountain ranges along Sweden’s western border hin-
der frontal systems from producing high daily precipitation
(in seasonal average). But when southeasterly winds com-
ing from continental Europe pick up moisture over the Baltic
Sea, they have higher potential for producing high daily pre-
cipitation rate events. In summer, even the southern stations
are influenced by south- or northeasterly winds. Station 9,
located on the island of Gotland in the Baltic Sea, shows
an interesting seasonality. In summer, southeasterly winds
are responsible for producing nearly half of all the highest
daily precipitation rate events, while in autumn, the contri-
bution from northeasterly winds is slightly higher. In winter,
the contribution from southerly and easterly winds is nearly
equal.

Although winds originating from a southeasterly direction
often lead to intense precipitation events, Fig. 11 interest-
ingly shows that southwesterly winds contribute most to the
| DJF MAM JJA 50N | total accumulated precipitation. This in general holds true for
all stations during all seasons, although this tendency is more

Figure 9. Average wind speed at 850 hPa corresponding to the windglearly observed over southern Sweden compared to north-
directions shown in Fig. 8 at 12 radar stations during different sea-grymost parts of the country.

sons based on the daily data from ERA-Interim reanalysis.

and southwesterly winds dominate, and in southern Swederft  Conclusions and outlook

westerly and southwesterly winds are most frequent. In com- ) o .
parison to wind direction, the distribution of wind strength is With their accurate measurements of precipitation and high

much more uniform across all stations. During autumn angSPatio-temporal resolution, weather radars have been rou-
winter, winds are generally stronger tinely used for operational meteorological applications for

In order to investigate the precipitation response to thesdn@ny years. The Swedish radar network, connecting 12 such
prominent wind directions, we pose ourselves two questions'dars, has been operational for more than a decade and cov-

ers nearly the entire country. Aside from its operational use,
a. Foragiven radar location, which wind directionis likely the valuable decade long data record from these radars re-
to produce a high average daily precipitation rate? mains underutilized for other applications.

In this study we exploited 11 years (2000—-2010) of data
record to study climatic features of precipitation over Swe-
den. Four aspects relevant for climate applications and eval-
To answer these questions, for a given radar station, weiation of regional climate models have been investigated,
first computed average daily precipitation rate under differ-namely diurnal cycle, seasonal versus diurnal variability, in-
ent wind conditions. In the case of each wind condition, wefluence of NAO and AO on precipitation, and finally precip-
then divide average daily precipitation rate by the sum of av-itation response to wind direction. It is observed that the ma-
erage daily precipitation rates under all wind conditions. Thisjority of the radar stations show diurnal cycles peaking dur-
gives us the relative importance of a particular wind condi-ing later afternoon in summer, while there is no such gen-
tion (Fig. 10). Since a particular wind condition that produceseral tendency during other seasons. When the precipitation
high precipitation rate may not necessarily lead to most fre-events are categorized based on intensity, there is a general
quent precipitation occurrence, we investigated the latter itendency that the moderate- and high-intensity events occur

b. For a given radar location, which wind direction leads
to most frequent precipitation occurrence?
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Figure 10. Relative contribution of wind direction to the average Figure 11.R§Iat_|ve contribution of wind direction to the total num-
; - . . ber of precipitation occurrences.

daily precipitation rate at each of 12 radar stations during four sea-

sons. Wind directions are abbreviated as NW (northwesterly), NE

theasterly), SE theasterl d sw thwesterly). .
(northeasterly), SE (southeasterly) an (southwesterly) The present study demonstrates the potential of the

weather radar network data set for climate applications over
also during late afternoon in summer, while they peak dur-Sweden. In particular, these results are useful to evaluate the
ing late night or early morning in winter. The high-intensity fidelity of regional climate models. Since radar-based mon-
events (precipitation > 1.7 mm/3 h) over the majority of the itoring will gon'tmue for a long time in the future and since
radar stations are positively correlated with the NAO andWe can capitalize on the lessons learned from the experience
AO indices (especially in northern Sweden), while the low- of_generatlng satellite-based long-term c_Ioud cI|mat<_)Iog|es,
intensity events are negatively correlated. The southeasterf{f!iS 10ng-term data set could further provide deeper insights
stations show statistically significant high negative correla-Nt0 other climatological features and trends in precipitation
tions. This demonstrates the influence of large-scale advec@Ver Sweden in the future. In view of this, we plan to carry
tion on the total precipitation during different phases of the ©ut @ feasibility study to harmonize the cross-calibration of
NAO and AO. It is further shown that southeasterly winds '@dars in future, quantify uncertainties in precipitation esti-
often lead to events with highest daily precipitation rate overmates and facilitate the generation of a climate-quality data

central and northern Sweden, while southwesterly winds'®cord from this radar network. We further plan to take a
contribute most to the total accumulated precipitation for all three-tier approach whereby we aim to intercompare and har-
radar stations. monize rain gauge, radar and satellite estimates of precipita-

tion so as to exploit the strengths of each observing system
over Sweden.
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Appendix A: Radar data samples and availability
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Figure Al. The number of average monthly pixels from each of the 12 radars used in the analysis.
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Figure A2. Availability of radar data as a function of time.
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