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Abstract. The past and projected future precipitation sum in also increase (Lenderink and Van Meijgaard, 2008). This
May—-September for two areas in Finland, one located in thds also reflected in the average precipitation amounts, which
south-west (SW) and the other in the north-east (NE), is studare expected to increase over Northern Europe (e.g. Kendon
ied using 13 regional climate simulations and three observaet al., 2009). The largest fractional increase in precipitation
tional datasets. The conditions in the present-day climate fois expected to take place in winter, whereas the increase is
agricultural crop production are far more favourable in the more modest for the growing season (Christensen and Chris-
south-western part of the country than the more continentatensen, 2007). Projections of simulated precipitation provide
north-eastern Finland. Based on a new high-resolution obseiimportant information for many parts of society, such as agri-
vational precipitation dataset for FinlanBINI _grid), with a  culture, when concerning adaption to climate change in the
resolution of 110 km, the only statistically significant past 21st century.

long-term (1908-2008) precipitation tendencies in the two Field crop production is rainfed in Finland. From an agro-
study regions are positive. Differences betwédil _grid nomic perspective, precipitation generally falls unevenly in
and two other observational datasets during 1961-2000 aréme and opposite to the requirements of major, spring sown
rather large in the NE, whereas in the SW the datasets agrefeeld crops. Early summer drought often interferes with the
better. Observational uncertainties stem from the interpolaplant stand establishment of field crops that are typically
tion and sampling errors. The projected increases in precipisown in May. It also interferes with crop development and
tation in the early stage of the growing season would be mosgrowth at the most critical phases of yield determination,
favourable for agricultural productivity, but the projected in- thereby causing frequent yield losses (Peltonen-Sainio et al.,
creases in August and September might be harmful. ModeR009a). As an example, for spring barléyofdeum vulgare
projections for the future indicate a statistically significant L.) only about 30-60% of the precipitation needed for undis-
increase in precipitation for most of the growing season byturbed yield formation fell on average over three decades,
2100, but the distribution of precipitation within the growing depending on the region (Peltonen-Sainio et al., 2010). Such
season is not necessarily the most optimal. a water deficit at the early growth stages resulted in yield
losses averaging 7-17% over a 30-year period, again de-
pending on the region. Yield reduction was highest in the
coastal regions of south-western Finland and lowest in north-
eastern Finland. Due to the longer growing season and higher
Northern Europe lies within the temperate or boreal climatecumulated degree days, south-western Finland has higher
zones, where the precipitation is, on average, moderate in affield potentials and field crop production intensity relative
seasons. With temperature increasing in the projected futuré® the marginal north-eastern parts of the country. On the

climate, the moisture holding capacity of the atmosphere willother hand, precipitation typically becomes more frequent
and abundant for both areas as the growing season proceeds.

In late July, August and September, precipitation no longer
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insufficient water during the early growth stages in May and .
June. Abundant late summer rain may even be damaging ¢
for the harvest and cause additional energy costs due to the I {
higher demand for seed drying. Abundant rain also causes LT
lodging and a humid microclimate for the plant stands, which el /
results in quality losses and egusariumspp. invasions. y
Furthermore, waterlogged soils do not bear harvesting ma- )
chinery, which again causes a high risk for soil compaction |
(Peltonen-Sainio et al., 2009a). 3

In the future, yield potentials of current major field crops !
are estimated to be markedly higher than today and novel
or presently marginal field crops are likely to be introduced
to Finnish cultivation as a consequence of elevated temper-
atures and a prolonging of the growing season (Peltonen-
Sainio et al., 2009b). However, higher yields and biomasses
will require more water than at present and pressure for evap-
otranspiration will also increase at elevated temperatures.
Furthermore, precipitation distributed evenly in time is far
more favourable for crop growth than less frequent, heavy
showers. Hence, water availability, even in the case of no
changes in the total monthly precipitation, may cause addi-
tional challenges for the future crop production. Precipitation
is a key attribute for yield formation, variability and general
production uncertainty of major field crops grown in Finland.

Areal estimates of observed or simulated precipitation are
normally obtained from gridded datasets, which contain nu-
merous sources of uncertainty. Firstly, the accuracy of the in-
terpolation procedure depends on the number of observations
available, and, typically, the observation network coverage
gets poorer when going back in time. Secondly, the precipi-
tation value, usually taken to represent the mean value within
a grid-box, depends on the grid-box size and the more het-
erogeneous the precipitation distribution within a grid-box Fig. 1. Map of Finland with the study areas marked with black dots.
is, the larger the uncertainty in the mean value. Thirdly, the
uncertainty in the precipitation observations is larger than
e.g. for temperature, because of larger measurement errog Data and methods
(Solantie and Junila, 1995).

This paper deals with the observed past and projected fu¢-1 Study areas

ture precipitation in the growing season in Finland base . . s
precip 9 9 dWe consider here the domain-averaged precipitation for two

on 13 regional climate simulations and three different ob- both 109100 k located i h tern Fi
servational datasets. The simulations and one observation&f €5 °© m, one ‘ocated In south-western Fin-
and (denoted hereafter as SW), and one in north-eastern

dataset are provided by the ENSEMBLES climate change_. - .
project (Carter et al., 2010). We also introduce a new high-][:mla?dI_(NEt)'ITh_eSIe arsas, Shov_\;ﬂ_mtr']:'gbl’ rei\pres_ent ?'f'
resolution 1610 km precipitation dataset for Finland, and erer? ch'vml‘fi opg[{(r:]a tsu z_(:_nes Wi 'T) te Or?? rp]aln_ca e(;
use it to examine long-term (1908-2008) trends in monthlygory' 1€s In Ihe transition zone between the hemi- an

S outh-boreal zones, and NE in the transition zone between
recipitation totals for two study areas. The performance o . ’ ) )
precip y b ;ge middle- and north-boreal zones (Solantie, 1990). In Fin-

the regional climate simulations in representing the observe . :
g P 9 nd, conditions for crop production are most favourable for

40-year means (1961-2000) is then considered, as well as t W. where the th | .
differences between the trends in this time period in the thre€ » where the thermal growing season (no snow cover, aver-

observational datasets. In order to construct projections fofagetdla'l?/ ten”ntf]ergtur_e pe rmafnl\jntly O\t/'? fﬁ IaSJS ?gprtOE-
the future, a scaling method for removing biases is utilized.Mately from the beginning of May until tne end of October.

The likely contribution of both observed past and simulatedm dNEf tshe ?roinng Te?;.on its jhotr;er, fro”? mid-May to th_ed
future changes in monthly precipitation to yields will be fi- end of september. In this study, In€ growing season pero
nally discussed. was defined as from May to September (MJJAS).
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2.2 Observed precipitation
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Three gridded datasets of observed precipitation have beer§
used in this study. The longest and highest-resolution dataset
was developed at the Finnish Meteorological Institute (FMI),
based on observed monthly precipitation sums during 1908- : : : : : :
2008. The number of stations available ranged from lessthan ' 1920 190 oo 1980 2000
100, at the beginning of the period, to a maximum of about ¢
600 (Fig. 2). The spatial resolution of this gridded dataset, $
referred to as=MI _grid, is 10x10km. A more detailed de-
scription of the dataset is given in Appendix A. The second
dataset used wds-OBSversion 2.0 (Haylock et al., 2008).
The E-OBSdata has a 0.25 degree regular grid, which cor- ‘ ‘
responds to about 2825km for the study area. Monthly 1900 1920 1040 1960 1980 2000
precipitation sums were calculated from the daily values.
The third dataset was the global monthly-resolution gridded':ig- 2. Yearly number of precipitation observation stations in the
dataseCRU TS2.{Mitchell et al., 2005), which has a spatial entire intgrpolation area (top), in SW (below, solid line), and in NE
resolution of 0.50.5 degrees. It has the coarsest resolution(P&!oW: circles).
of the datasets used, and was interpolated bilinearly (e.g. Ac-
cadia et al., 2003) to the same gridBa©BS Table 1. Simulations used in the study. References to the models
In addition to individual monthly precipitation sums from are given in Goodess et al. (2010).
May to September, the total seasonal sum for the five-month
period from May to September was studied. The baseline pe-  Simulation Global model  Regional model
riod for the observed precipitation was selected to be 1961
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2000. Also, a longer time period from 1908 to 2008 was gf/:;:%lF?EGE H:Iggll\z/lggo HlRRﬁAA?w
studled_ from theFMI_grid o_laf[as_et, to examine long-term DMI-ECHAMS5 ECHAM5-r3  DMI-HIRHAMS5
trends in the observed precipitation. ETHZ-HCO HadCM3Q0 CLM
ICTP-ECHAM5  ECHAMS5-r3 RegCM
2.3 Simulated precipitation KNMI-ECHAM5 ~ ECHAMS5-r3 RACMO
METO-HCO HadCM3QO0 HadRM3QO0
In this study, we used 13 regional climate simulations (Ta- METO-HC3 HadCM3Q3 HadRM3Q3
ble 1), provided by the EU FP6 ENSEMBLES project (Carter METO-HC16 HadCM3Q16  HadRM3Q16
et al.,, 2010). Except foETHZ-HCQ the simulated data MPI-ECHAM5 ECHAMS-r3 REMO
were readily available interpolated onto the same 0.25degree ~ SMHI-BCM BCM RCA
latitude-longitude grid as used by the observatidadDBS SMHI-ECHAMS ~ ECHAMS-13 RCA
SMHI-HC3 HadCM3Q3 RCA

dataset and included all of the climate simulations available
through the ENSEMBLES distribution portal in September
2009. The simulations have been shown to contain uniform
data until 2099 (Goodess et al., 2010) and all use the SRE$he multi-model-means and inter-model standard deviations
emissions scenario A1B (Naenovt et al., 2000). were found to be very small, so the decision was taken to
The simulations are not independent from each other asreat the models with a uniform weighting scheme. Another
many of them use the same driving global climate modelissue that might call for weighting of the simulations is their
(GCM) or regional climate model (RCM). As a consequence,performance in present-day climate; further study of that can
this may cause the variability between the individual simula-be found in Van der Linden and Mitchell (2009) oéaiganen
tions to underestimate the actual variability compared overet al. (2010).
the complete GCM-RCM-matrix (Goodess et al., 2010) and Model data for two 40-year periods are used in this study;
a bias in the multi-model-mean (MMM) results. As a sen- 1961-2000 as the “control” period describing the present-
sitivity test, we briefly studied two alternative weightings; day climate and 2061-2100 as the scenario period. The 40-
one giving the same total weight for each global model (thusyear period length was selected to reduce the sampling errors
making the weight of an individual RCM simulation driven resulting from internal climate variability. This argument is
by a specific GCM inversely proportional to the number supported by the lower signal-to-noise ratio of precipitation
of RCMs driven by the same GCM), and one giving the changes, relative to temperature changes (Ruokolainen and
same total weight for each regional model (thus decreasRaisanen, 2007), and the large inter-decadal variability of
ing the weight of individual simulations of those RCMs for precipitation (Tuomenvirta, 2004) compared to temperature
which several simulations were available). The effects onin the Finnish climate.
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Fig. 3. Precipitation sums for 1908—2008 from May to September (top), June (middle) and July (bottom), for SW (left) and NE (right), based
onFMI _grid. Trendlines for the periods 1908—-2008 and 1961-2000 are shown with red and blue lines, respectively.

2.4 Analysis methods 2001). For trend analysis, the significance of the linear trends
was determined by the non-parametric Kendall rank corre-

L ) ) lation coefficient, with a significance level of 5% (Sneyers,
Because precipitation is zero-bounded, increases in the ave [990).

age precipitation also imply an increase in variability, if the

shape of the precipitation intensity distribution remains con-

stant (e.g. Rowell, 2005). Nevertheless, precipitation simu-3 Results

lations typically contain a systematic bias compared to ob-

servations that has to be removed when constructing climatg.1 Mean values and trends of observed precipitation
scenarios. For this purpose, and for treating the variability in

a consistent manner, a simple scaling method was used. Fdiime series of the monthly precipitation sum in June and
each individual simulation, all precipitation data were multi- July, and the cumulative sum from May to September, given
plied by a constant factor equal to the ratio between the obin Fig. 3, reveal considerable year-to-year variations during
served precipitation sum and the simulated precipitation sunthe period 1908-2008. Linear trendlines fitted by the least-
in the present-day baseline period. In this way, the mean biasquares method are also given in the figure for two different
was removed and the shape of the distribution was kept conperiods, from 1908 to 2008, and from 1961 to 2000. Statis-
stant, but its width was changed proportionally to the averagadically significant long-term tendencies were found for SW
precipitation. This technique, where the bias of precipitationfor June and for NE for May, July and MJJAS, suggesting
is assumed to be fractionally the same for present-day cliincreases in precipitation (Table 2). In many cases, however,
mate and future climate simulations, is widely known as thethe long-term trends were not statistically significant and var-
delta change method (e.g. Andersen et al., 2006). For studyied in sign from month to month and between the two study
ing the change in the mean precipitation between the twaareas.

periods, a two-sided t-test was applied to the data, with a 5% During the baseline period 1961-2000, all three observa-
significance level (Von Storch and Zwiers, 1999). Although tional datasets indicated negligible changes in precipitation
the monthly precipitation data are generally not normally dis-in May but increases in June and July (Table 2 and blue
tributed, as assumed by th¢est, this violation is expected to lines in Fig. 3). The only statistically significant increasing
have little effect because of the relatively large sample sizedrend was found for SW in June. The trends for August and
(40 vs. 40years) used in this studyaiBinen and Joelsson, September were negative in all the datasets, but statistically
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Table 2. Trends (mm/10 years) in observed and simulated precipitation for (a) NE and (b) SW. TrendsMiagrnid are calculated from
1908-2008 and 1961-2000, trends for the period 1961—-2000 are also calculd&e@BB8andCRU. The simulated trends (MMM = multi-
model-mean; std =standard deviation between the models, range =min and max trends between the models) are presented for the perio
1961-2100. Statistically significant trends (p-value max. 0.05) are indicated with boldfacing.

Observed Simulated

1908-2008 1961-2000 1961-2100
FMI_grid  FMI_grid E-OBS CRU MMM  std range

(a) NE region

May 2.2 0.6 0.5 -0.1 1.0 0.6 0.225
Jun -0.6 4.8 4.3 3.2 1.0 0.5 0.1-1.7
Jul 2.1 4.0 2.8 2.4 1.0 0.6 0121
Aug 1.3 —6.7 5.1 -4.9 0.4 09 -1.1-23
Sep -0.2 -5.7 —-6.8 —6.8 09 0.7 -0.3-=25
MJJAS 4.8 -3.1 -4.3 -6.2 4.4 1.9 0.8-8.3
(b) SW region
May -0.3 0.7 1.1 1.0 0.6 04 -0.01.4
Jun 1.6 7.8 9.4 4.7 05 06 -0.241.6
Jul 1.2 3.7 2.9 2.6 1.1 1.0 -11-2.3
Aug 0.9 -2.0 -3.9 -3.4 0.4 1.2 -15-2.6
Sep -1.2 -3.2 -3.3 -4.3 0.5 0.7 -0.845
MJJAS 2.2 7.1 6.2 0.6 3.2 28 -2.3-7.8

precipitation (mm)

(a) NE region

g | m sw Table 3. Mean values of monthly precipitation sum for 1961-2000
o NE based on different observational datasets and precipitation simula-
8 tions (MMM = multi-model-mean; std = standard deviation between
o the models) in (a) NE and (b) SW.
& ﬂ FMI_grid E-OBS CRU MMM  std
o
May Jun Jul Aug

Sep
May 43.7 39.4 35.7 64.6 15.9
Fig. 4. Mean monthly precipitation during 1961-2000 from Jun 64.7 °8.7 565 773 165
EMI_grid. Jul 72.7 67.7 635 89.7 222
Aug 87.3 79.3 72.6 946 23.2
Sep 66.2 59.8 54.6 87.8 18.6

o = MJJAS 3345  304.8 2828 4140 86.0
significant only for NE. The MJJAS trend was positive for

SW and negative for NE, but neither of these was significant. (b) SW region

Almost always, the three datasets agreed on the sign of the = May 34.9 33.3 335 59.8 11.3
changes, whether these were statistically significant or not.  Jun 52.5 50.2 46.8 66.8 155
For both areas and for nearly all studied time peric@2RU Jul 74.5 74.5 71.4 742 17.6
has the lowest trend arféMI_grid the highest. These dif- Aug 78.1 775 758 784 187
ferences are most likely related to the different number of ~ S€pP 61.3 610 613 757 139

observation stations used in different analyses, as the error MJJAS 3014 2966 2886 3549 671
between them is mainly randomly distributed in time. For
NE, MJJAS precipitation sum according to b&FOBS and
CRU is smaller than according ®©MI_grid for every single Mean values of monthly precipitation sum from May to
year (not shown). For SW, and for individual months in NE, September in 1961-2000 are shown in Fig. 4 on the basis of
the differences between the data sets are smaller and hateeFMI _grid dataset and in Table 3 for all three observational
both positive and negative values. datasets. A distinct feature is a minimum in precipitation in
May and a maximum in August. Differences between the

www.nat-hazards-earth-syst-sci.net/10/1563/2010/ Nat. Hazards Earth Syst. Sci., 1051863610
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Fig. 5. Observed and simulated 11-year running means for the MJJAS precipitation sum. The model simulations are scaled so that the mean
value in 1961-2000 corresponds to the mean value\if_grid, the inter-annual is not scaled directly. Multi-model-mean (MMM) is heavily
smoothed and has smaller inter-annual variability.

three observational datasets are larger for NE than for SWwas applied to make the control period mean precipitation
For the NE regionCRU gives the smallest precipitation val- sums in the simulations equal to the observed sums.

ues and-MI _grid the highest. For the SW region, differences

between the three observational datasets are very small, witB,3 Future changes in precipitation sum and trends

the best agreement in September. This gives added reliability

to the observations for SW. Precipitation has a large inter-decadal variability, which
makes it difficult to estimate future precipitation determin-
3.2 Model performance istically. Smoothing or averaging of the time series is re-

quired to study the low-frequency signal of interest. Figure 5

Model performance was evaluated simply by comparing theshows running 11-year mean seasonal MJJAS precipitation
simulated precipitation sums and ensemble standard devissums for both areas. The figure clearly shows a gradual in-
tions during the baseline period 1961—-2000 to those from therease in the multi-model-mean precipitation, but also an in-
observed datasets, especiallyFdl_grid. The models com- crease in the variation, that is, the difference in the climate
monly overestimate precipitation (Table 3). As an exception,change signal, between the individual simulations over time.
the multi-model-mean is very close to the observed valueslo acquire an insight how future precipitation will develop,
for SW in July. In many cases, the multi-model-mean biasboth mean values and linear trends are analysed. Long-term
exceeds the variability between the individual simulations,trends from simulations are also compared with the observed
described by the standard deviation between the individuaFMI _grid dataset, which, together, provides a time series of
simulations. The bias is largest in May and September, and islmost 200 years.
smallest in August for the NE region, July and August forthe  According to the multi-model-mean trends over the 140-
SW region. These findings apply for both absolute and fracyear time period 1961-2100, precipitation will increase both
tional biases and are independent of the observational datasglr SW and NE (Table 2). All trends are statistically signif-
used. In general, the bias is smallest when compared with thigant at the 5% level, p-values ranging from less than 0.001
FMI_grid dataset and largest when compared with@RU  in May, June, July and MJJAS (and in September for NE) to
dataset, this bias is more pronounced for NE. 0.05 in August. In general, the increase in rainfall is some-

Each individual climate simulation indicates a marked dif- what larger for NE, where all simulations indicate positive
ference in the precipitation amounts between the two areatrends, except for August and September. Also, as is evi-
(not shown). Apart from some simulations for May, the dent from Fig. 5, the variation in the MJJAS future simulated
simulated precipitation values are systematically higher fortrends is quite large for SW. The multi-model-mean trend
NE. In the observed datasets, this is a general feature onlyalues vary from 0.4 mm/10 years in August for both regions
for May and June and pronouncedly in MJJAS i1 _grid to 1.1 mm/10years in July for SW (Table 2). It is impor-
(Table 3). After the analysis of the bias, the scaling methodtant to note, however, that the multi-model-mean is highly

Nat. Hazards Earth Syst. Sci., 10, 1568%4 2010 www.nat-hazards-earth-syst-sci.net/10/1563/2010/
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smoothed and hence has a much smaller inter-annual vari NE region, mean
ability. Compared with the observed long-term trend ob- o il
tained fromFMI _grid, the simulated MJJAS trends are re- =

markably similar, although the time periods and thus the e~ n

forcing conditions are different. Only for July and August ‘ ‘ ‘
are trends positive in the two regions for both simulations mAY JN o hua SEP
and the observations, otherwise, months with long-term pos- S reglon; mean

itive trends in the simulations do not often match the months ™

with observed positive trends. T i

For the future scenario period 2061-2100, mean values ®
were also calculated from the simulations using the delta “
change method. The multi-model-mean values of the change

and the. Standard dev'at'qn between. the SImulgthns are pre]:ig. 6. Mean monthly precipitation for NE (top) and SW (bottom),
sented in Fig. 6. A two-sidedtest with a 5% significance 45 observed in 1961-2000 (blue) and as projected for 2061-2100
level was applied to study the significance of the multi- ysing the multi-model-mean results (red). The standard deviation
model-mean changes. between the individual model projections is indicated by the vertical
Figure 6 shows the uneven increase in precipitation withinbars.
the growing season. The increase is statistically significant
for all months except August, which has the lowest increase
in precipitation for both areas. The fractional increase is
greatest in May, whereas the absolute increase is largest i ‘ 4 e )
July for the SW region and May—June for the NE region. chludes more observmg ;tat.lons within Finland; a longer time
SW, the increase is much smaller during the early growingS€Mes: the mean precipitation values appear to be larger. Ad
season months May and June and, because of this, the difi°C: this third point is desirable considering that the ob-
ference in the SW precipitation sum between the wettest ande"ved datasets presumably include uncertainties that stem
driest month of the growing season should increase modestlf©th from undercatchment of the actual rainfall, and er-
in the future. By contrast, the difference in NE precipita- " from the interpolation procedure (Haylock et al., 2008).

tion is reduced between the early growing season (May and he overall uncertainty appears to be the smallest for the

June) and August. The precipitation increase for NE, wherdM!-grid dataset.

the precipitation sums are also higher for the present-day cli- When comparing Tables 2 andGRU has the lowest pre-
mate, is greater than for SW for all months except August.cipitation sums and for most time periods also the lowest
For the whole growing season precipitation sum, the multi-trends. Since the time periods include both positive and neg-
model-mean increase is larger for NE (almost 50 mm) tharnative trends, this is mostly coincidence related to the spa-
for SW (about 35 mm). The increase is statistically signifi- tial variability of the summer precipitation, different num-
cant for both areas, even though the standard deviation bdder of station observations used and the limited length of the
tween the individual simulations is larger for SW (30 mm) time series. For positive trends, such as MJJAS for SW, it
than for NE (21 mm). The standard deviation of the multi- could, in principle, also be possible that a small part of the
model-mean also varies with month, being larger in July—difference in trends would be systematic related to the dif-

I I I
MAY JUN JuL AUG SEP

TheFMI _grid dataset has three important advantages over
{he other datasets: a higher spatial resolution, because it in-

August for SW and in May for NE. ferent observation station characteristics and the fractional
difference between the precipitation sums. However, in this

4 Discussion particular case, the bias of the mean is small and the differ-
ence of the datasets for each single year rather randomly dis-

4.1 Observational datasets and data analysis tributed around that value, containing both positive and neg-

ative numbers. The difference in the trends is a good exam-
Since the observational datasets differ from each other irple of the sampling error caused by the limited length of the
many ways, the used dataset has to be selected individianalysed time periods and the large inter-annual variability
ally for each problem at hand. The difference between theof summer precipitation in Finland, which has to be consid-
datasets is also evident in this study and especially so for NEered when interpreting the results. The lower signal-to-noise
which may be explained by the lower station density thereratio of the precipitation changes compared to temperature
(Fig. 2). The uncertainty caused by interpolation increasexchanges causes sampling errors in the linear trend estimate
as the spatial resolution of the dataset decreases. In additioand this ratio is lower for shorter time period. On the areas
the number of observing stations for NE varies in the differ- studied, the 40-year period growing season trend estimate
ent datasets. This can have a major effect to the estimatioseems to be dependent on the observational dataset, even
of grid-box average values if the topography or precipitationthough the dataset does not affect the significance of the
distribution inside the area is spatially very heterogeneous. trends.
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Use of the delta change method for removing the bias in Recorded past changes in May precipitation (Table 2) are
the climate simulations is assumed here to be justifiable foitoo insignificant to cause any major support or challenge for
monthly data, as the monthly variability of precipitation is seedling emergence and early plant stand establishment. The
much more normally distributed than the variability of daily observed trend in reduced precipitation during August and
data (Yang et al., 2010). Since the precipitation amounts beSeptember for both SW and NE indicates a slight reduction
tween the two 40-year periods considered are different andn risk for the harvest and quality of seed crops, but in the
the method uses a constant fraction to remove the bias, thimng term, future projections suggest an increase in precip-
amount of correction (in mm) is also different. This, in turn, itation. Winter cereals, ryeSgcale cerealé.) and wheat,
weakly affects the magnitude (in mm) of the simulated trendare harvested in August while harvests of spring cereals and
and the difference in the two 40-year precipitation means. rapeseedRrassicasp.) typically take place in late August

Also, it is important for the users of these results (e.g.and early September. Reductions in the observed August—
Figs. 5 and 6) to understand that the modelling uncertaintySe€ptember precipitation amounts have been more prominent
provided by the ensemble is likely to underestimate the acfor NE than SW (Table 2), but SW is a more important re-
tual uncertainty. There are two important reasons for thisgion for seed crop production region in Finland due to its
Firstly, the total number of climate simulations in this study longer growing season and therefore, higher yield potential
is fairly small. Even if there were more simulations, such @nd production intensity. Only the most early maturing bar-
as in the CMIP3 (The Third Coupled Model Intercompari- €y cultivars are grown in NE, whereas all seed crops that can
son Project) dataset (Meehl et al., 2007), the modelling unPe grown in Finland are produced in SW.
certainty is still likely to be an underestimate (e.g. Knutti,

2008). Secondly, and more importantly, the simulations aré® Conclusions
not independent from each other because the number of driv-

ing GCMs is fairly small (Table 1). Therefore, these results ThiS study exploited the output of the regional climate sim-
and their uncertainty require careful interpretation. ulation ensemble developed in the ENSEMBLES project to

provide information on precipitation changes in Finland dur-
ing the growing season. The results have a range of appli-
cations, including agriculture. In addition to 13 regional cli-
mate simulations, a gridded observational dataset developed
In general, recorded past precipitation trends have beeih the ENSEMBLES project was utilized, as well as a very
favourable for Finnish crop production. Coastal regions inhigh-resolution 16 10 km precipitation dataset, based on ob-
south-western Finland typically suffer from early summer servations in Finland during 1908—2008. The third observa-
drought during the major period of yield determination in tional dataset was provided IGRU.
spring sown seed crops (Peltonen-Sainio et al., 2009b). Ob- The study was performed for two areas, one located in
servations suggest that the early summer drought has easeférth-eastern (NE) and the other in south-western (SW) Fin-
off slightly in the SW area, particularly so during 1961- |and. Statistically significant positive long-term trends for
2000. The observed increase in June precipitation was agrecipitation from 1908 to 2008 were found for SW in June,
high as 5-9mm per decade, depending on the dataset (Tamnd for NE in May, July and MJJAS. During 1961-2000, the
ble 2) and, based on Peltonen-Sainio et al. (2010), an inpnly statistically significant increasing trend was found for
crease of 8mm per decade in early summer precipitation, agw in June. For NE, negative trends in August and Septem-
shown byFMI_grid, increases yields in spring cereals, bar- per were statistically significant. The MJJAS trend was pos-
ley, oat @vena sativa..) and wheat Triticum aestivurL.)  jtive for SW, and negative for NE, but neither of these was
by some 140-230kg/ha depending on the species. Hencggund to be significant.
such changes in precipitation may alone contribute by up to  The simulated present-day precipitation amounts appeared
15-20% of the recorded increases in cereal yields that avefg pe larger than observed for all time periods except for SW
aged 1000-1600 kg/ha in total during 1961-2000 (Peltonenin jyly. The month with the smallest bias was July for SW
Sainio et al., 2009c). and August for NE. For SW, which is one of the most im-
In the future, prominent increases in precipitation areportant agricultural regions in Finland regarding high field
needed in early summer for growth and yield determina-crop production intensity, the projected future precipitation is
tion of the crops that are estimated to have markedly im-expected to show a statistically significant increase through-
proved vyield potentials and biomass production capacitieout the growing season, but not in the most favourable way
(Peltonen-Sainio et al., 2009b). Higher biomasses, togethefor agriculture. The largest projected absolute increase is for
with elevated temperatures, will cause higher pressure foduly, implying that the difference between the wettest and
evapotranspiration. Therefore, it is uncertain whether thedriest month during the growing season will probably in-
projected future increases in precipitation (Fig. 6) are suf-crease, whereas the largest projected fractional increase is
ficient to meet the increased demands of more abundant croim May, for which the extra precipitation will be the most
stands. beneficial for crop productivity.

4.2 Conditions for agricultural crop production
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Fig. Al. Scatter plots of the observed and estimated precipitation values during 1971—-2000.

The differences between the two areas are remarkable irs combined with a covariance function that smoothes the
many aspects. Precipitation amounts are larger for NE, botluifferences between the measured and the estimated values.
in the present-day climate and for the projected future in-The following external forcing parameters were used in the
crease. The difference between the observational datasetsodel; the geographical coordinates (latitude and longitude),
also appears to be greater for the more continental region athe elevation of the terrain, and the percentage of sea in each
NE, as is the bias in the present-day climate simulations. Therid box. The model has previously been used for research
larger differences for NE between the observational datasetprojects, e.g., by Tiéainen et al. (2009), Vajda (2007),
are most likely related to the smaller number of stations inVenalainen et al. (2005), Vajda and Vé&lainen (2003), and
this region. Venalainen and Heikinheimo (1997).

One of the three observational datasets had been developed gagiges from Finnish observation stations, monthly pre-

at the Finnish Meteorological Institute and is described ingjnitation data were also collected from Russian stations
Appendix A. The datasets have different spatial resolutions,ear the Finnish border, obtained through the web-service
with implications for their performance and they are also ¢ ecagD (Klein Tank et al., 2002). The resolution for the

markedly different, especially for NE. THeMI_grid dataset  ,q4e| was 10 km. The interpolation area covered the part of
has the largest precipitation amounts, which is, in principle,rin1and that is located south of latitude°@s.
desirable since it is expected to reduce the systematic bias

in the observations related to the measurement and interpoA1 validation of the spatial model
lation errors. Also, the selection of the dataset clearly affects

the 40-year linear trends. . L , ,
The convective origin and a strongly varying spatial distri- The interpolated precipitation values were validated against

bution are characteristic for precipitation during the growing the_onerved monthly pre?ipitatil%n sums using clilata f:jo;n the
season in Finland. Also, precipitation climate in the study Perod 1971-2000. Data for validation were collected from

areas has a large inter-decadal variability, which emphasize¥'€ 54 ;tanops Iogated in SW and the 33 St?j“oi‘sh Iohcat_ed n
the need to use long time series when examining past trendS & @nd station observations were compared with the inter-

in precipitation and making projections for the future. polated values at the station locations.
Figure Al shows the comparison of the observed and

Appendix A the estimated values for MJJAS (from May to September).
The scatter plots start to diverge for large precipitation val-
Description of the FMI _grid observational dataset ues and, thus, the monthly extremes are the hardest to esti-

mate. The following skill scores were calculated; the mean
To obtain a long, continuous time series, monthly precipita-absolute error (MAE), the root-mean-square error (RMSE)
tion sums were interpolated to a regular grid using the krig-and the compound relative error (CRE), that measure the
ing interpolation technique (Matheron, 1963). In the 1980s,average error (mm) and the deviation (mm) of the spatial
Ojansuu and Henttonen (1983) compared three different spanodel, and the similarity between the observed and esti-
tial smoothing methods for Finnish climatological data, a mated values, respectively (Fig. A2). All quantities were
method of moving averages, a trend surface model, and galculated as modelled minus observed value. MAE, RMSE
model combining these two. The combination model wasand CRE have their maximum values in July, minimum in
found to be the most suitable for calculating long time series May. This is consistent with the monthly precipitation sums
because it gave the most reliable results with respect to timeg(Fig. A2) as the heaviest rainfall in summer occurs during
The model applied in this study was developed for clima- July and August, with May, June and September being drier.
tological applications by Henttonen (1991) and follows the Similarly, the spatial model performs better in early and late
theoretical approach of Ripley (1981). A trend surface modelsummer than in July or August.
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Fig. A3. Monthly precipitation uncertainties (mm) for SW (top)
and NE (below) due to the limited station network as a function
of the number of observation stations in the whole interpolation
area (Finland, south of 83). May =filled circles, June = solid line,
July = asterisk, August =open square, September = open triangle.

A2 Uncertainty due to the uneven distribution
of stations

The uneven distribution of the observing stations in both
space and time affects the quality of the estimated precipita-
tion. The influence of the station network on the monthly pre-
cipitation sums was calculated by comparing monthly rain-
fall for the period 1971-2000 from the whole network, and

from a limited subset of stations. The subset was chosen t¢y the monthly mean precipitation sums for SW and NE re-
mimic the sparser station network for the early period. This|ated to the limited station network is given as a function of
required the reasonable assumption that the spatial distribihe number of stations in the whole interpolation area and
tion of precipitation has not changed significantly during the for the beginning of the 20th century, the uncertainties vary
study period. In order to make the comparison, only thosefrom 5 mm (SW in May) to 25 mm (NE in July). Generally,
stations that were operational in the reference period 1971the greatest uncertainties are in July and August, coinciding

2000 could be included in the station subset representingyith the highest precipitation. The higher uncertainties found
the earlier periods. However, in the final analysis, all avail-in NE are due to the sparser station network.

able station observations were used and, therefore, the spa-
tial coverage of the observations was somewhat better than

the comparison would suggest. This is why the comparison ) ) .
is likely to give a slight overestimation of the error and un- AcknowledgementsThe ENSEMBLES data contained in this
certainty. study was funded by the EU FP6 Integrated Project ENSEMBLES

. . (Contract number 505539), whose support is gratefully acknowl-
Interpolations were performed for the whole area of Fin- gqged. We acknowledge tHe-OBS dataset from the EU-FP6

land located south of 6N using all the available station project ENSEMBLES [ttp://www.ensembles-eu.drgnd the data
observations from Finland and the Russian border (Fig. 2)providers in the ECA&D projecthttp://eca.knmi.il This research
Data for the study regions used in this work were collectednhas been supported by the Academy of Finland (decision 127239),
later from the interpolated grids. Thus, even in the early 20thKone Foundation is also acknowledged for providing funding for
century, when the number of observation stations for SW andhis study. Ewan O’Connor is acknowledged for linguistic review
NE was fairly small (Fig. 2) it was possible to derive the es- of this paper. The two referees and the editor are thanked for their
timated precipitation for the regions. valuable comments.

In summary, the station network available in the early 20th
century, with SQ stations over the _vvhole interpolation aréag gited by: G. Leckebusch
(5in SWand 1in NE), already provides a reasonable estimareyiewed by: G. Tetzlaff and another anonymous referee
tion of the monthly precipitation. In Fig. A3, the uncertainty
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