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There is great temporal and spatial variation in precipitation in Finland. Both drought episodes and repeated, abun-
dant rains may interfere with crop growth, yield and quality formation, and many agricultural operations (such as
tillage, sowing, crop protection and harvesting). The windows for optimal operations are often narrow due to the
short growing season and variable weather conditions. Field traffic at high soil moisture may e.g. cause soil com-
paction. Also, the high environmental footprint on agriculture under high latitude conditions is often attributable to
fluctuations in precipitation. The station-wise precipitation observations from the Finnish Meteorological Institute
for the time period of 54 years (1961-2014) were interpolated to a regular 10 km x 10 km grid covering the whole
country. Several successive time slices were used to calculate the likelihood of: 1) drought periods and 2) periods
with repeated rains with above normal precipitation sum so that both of these lasted for at least a) two weeks or b)
three weeks. We demonstrated substantial spatial and temporal variation in the likelihood of drought and repeated
rains: drought episodes were common during the early half of the growing season, while again repeated rains with
high accumulated precipitation (lasting for two weeks) became common in the latter part of the growing season.
Though, we highlighted in this paper some examples of how these events may affect agriculture and their environ-
mental impacts, the datasets published here may be applied for many other assessments.
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Introduction

In Finland, rainfall is distributed throughout the year with total annual precipitation averaging from approximately
500 mm in the north to 650 mm in the south and east (Pirinen et al. 2012). The average annual precipitation
in the whole country has varied during the last five decades between 440 mm (in 1976) and 740 mm (in 2012),
describing the major year-to-year variation in precipitation totals. However, seasonal differences in distribution
are also considerable. Summer is the wettest season with an average three-month (June—August) precipitation
sum exceeding 200 mm in most parts of the country. However, the number of rainy days is the highest in autumn
(September—November), when the rainfall amounts are nevertheless some tens of millimetres lower than in sum-
mer. Spring (March—May) is the driest season, with average precipitation amounts varying around 100 mm. In win-
ter (December—February) average precipitation amounts typically remain between those of spring and autumn
(Pirinen et al. 2012).

The distribution of precipitation differs e.g. within the growing season and is often contrary to the requirements
of the crops (Peltonen-Sainio et al. 2014). Late spring to early summer is generally characterized as being the
less rainy period of the growing season, while again towards the end of the season rains become more frequent
(Peltonen-Sainio et al. 2011). In addition to the typical difference in the distribution of rains between and within
the seasons, annual variation is high, challenging many of the agricultural operations but also making the farmer’s
decision making reactive instead of being based on long-term operational strategies. All these are together also
drivers for many of the adverse effects of boreal agriculture on environment. On the other hand, the skill in pro-
viding short and medium-term weather forecasts has improved steadily over the past few decades (Haiden et al.
2014), and nowadays the provision of different weather forecasting services is ample (Saarikivi et al. 2000). More
than from the short-term forecasting, a farmer might benefit substantially from successful seasonal weather fore-
casts that could provide accurate guidelines of the temperature conditions and the amount and temporal distri-
bution of precipitation during the coming growing season. However, even though the development of seasonal
forecasting is of great interest (Doblas-Reyes et al. 2013), the current capabilities of the forecasts are still rather
low in the boreal region (Manzanas et al. 2014).
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Depending on the timing of the growing season and how it matches with the most vulnerable growth phases of
food, feed and biomass crops, drought may markedly limit growth and yield formation in Finland (Peltonen-Sainio
et al. 2011, 2014, 2016a). An old proverb says “it rains directly onto the grain crib”. With this proverb farmers
refer to rains that take place in early summer. Precipitation deficiency is particularly common during the main
yield determination phase, thereby leading to frequent yield losses, which for spring barley (Hordeum vulgare
L.) averaged, on the basis of 30 years, from 7 to 17% depending on region (Peltonen-Sainio et al. 2011). Hence,
especially during the main yield determination phase in the early growing season, slight increases in precipita-
tion are likely to be favourable for crop yield, while again repeated rains with an accumulated precipitation sum
clearly exceeding the mean values exhibit great and manifold risks for agriculture depending on their timing. They
may e.g. increase leaching and erosion (Vagstad et al. 2004, @ygarden et al. 2014) and cause flooding and lodging
(Peltonen-Sainio et al. 2014) as also soil compaction due to field traffic during the period of high soil moisture
content (Alakukku et al. 2003, Spoor et al. 2003).

This particular sub-paper of a trilogy concentrates on the spatial and temporal variation in precipitation, which is
gridded across Finland for many successive time slices that, as a whole, cover the period prior to the onset of field
operations in spring to that beyond harvests and sowings in the autumn. Examples of the contribution of both
repeated and abundant rains as well as drought episodes to high latitude agriculture are characterized though not
in any way thoroughly: the main idea with this trilogy is to introduce in the light of examples how to apply such
a comprehensive data set of climatic variability in Finland in the agricultural sector but also in any other sector
benefitting from such information. Thereby, data provided in this paper — with more agriculture-relevant infor-
mation on precipitation events — complements other documents (Venalainen et al. 2007, Hohenthal et al. 2014 )
as well as information available in llmasto-opas portal (see e.g. http://ilmasto-opas.fi/fi/datat/sateiden-toistu-
vuustasot; http://ilmasto-opas.fi/fi/iimastonmuutos/videot-ja-visualisoinnit/-/artikkeli/b4df9633-7e1f-4389-9dd0-
a0539588f211/visualisoinnit.html#rankkasateiden-toistuvuus).

Materials and methods

All meteorological data were based on weather observations made by the Finnish Meteorological Institute (FMI).
The dataset was quality checked and stored in the institute’s climate database. Station-wise weather observa-
tions were interpolated to a regular 10 km x 10 km grid covering the whole country (Aalto et al. 2013). The time
period studied was 54 years (1961-2014). The reference period (1981-2010) was used to calculate deviations
from the mean values.

Drought periods were defined as also described in Peltonen-Sainio et al. (2016a). Probabilities (%) of drought pe-
riods lasting 14 days were estimated on the basis of daily precipitation data from mid-April to the end of Septem-
ber. Drought was considered to take place when, within a 14 day period, the total precipitation was < 10 mm (with
no more than four rainy days). The probability was calculated by the following equation:

100 x [number of accepted years / total number of years (=54)] Eq. [1]

Frequent rains were defined as also described in Peltonen-Sainio et al. (2016a). The likelihood (%) of repeated
rains was estimated on the basis on daily precipitation data in two ways: 1) at least seven rainy days (= 0.5 mm
d?) within a two-week period with no more than two successive rainless days (< 0.5 mm d?) and the accumulated
precipitation for this two-week period was at least equal to or higher than the monthly mean, and 2) at least 10
rainy days (= 0.5 mm d?) within a three-week period with no more than two successive rainless days (< 0.5 mm
d?) and the accumulated precipitation for this three-week period was at least 1.5 times the monthly mean. The
calculation periods of 14 or 21 preceding days were made up on the 15" and the last day of a month from mid-
April to the end of September. The probability was calculated as shown in Eq. [1].

Results

Between and within season variation in precipitation is generally high at high latitudes in Europe. Spells of drought as
well as heavy and/or repeated rains are fairly common and vary also depending on the time of the growing season.
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Drought periods lasting two (Figs. 1a and 1b) and even three weeks (Figs. 2a and 2b) were very common in April—
May. Probabilities of spells of drought lasting for at least two weeks (with no more than a total of 10 mm accumulat-
ed precipitation) ranged from 31 to 70% during the period prior to sowings in the prime crop production region of
Finland. The highest likelihood was in the regions in north-west Finland but also occurred by the end of April in the
south-eastern coastal regions. Soon after the period for sowing and seedling emergence, probabilities of drought
decreased, being most often less than 20%, but became slightly more frequent again in late September (< 30%).
In general, similar probability patterns were observed for drought spells lasting three weeks, however, often with
even slightly greater probabilities. This was attributable to accepting up to 18 mm of total accumulated precipi-
tation during the three-week drought period, while only 10 mm was accepted for the two-week drought period.

15 April
E0-0.10

9 0.11 - 0.20
[70.21-0.30
[10.31-0.40
[70.41-0.50
[7770.51 - 0.60
[ 0.61 - 0.70
N 0.71-0.80

30 April
E0-0.10

9 0.11 - 0.20
[70.21-0.30
[10.31-0.40
[10.41-0.50
[70.51 - 0.60
[ 0.61-0.70

Fig. 1a. Probabilities of drought lasting for at least two weeks for the periods that ended on 15 April to 30 June
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31 August 15 September

Emo-0.10 Emo-0.10

9 0.11-0.20 [ 0.11-0.20
[70.21-0.30 [0.21-0.30
[70.31-0.40 [J0.31-0.40
[J0.41-0.50 [J0.41-0.50
[70.51-0.60 [0.51-0.60
9 0.61-0.70 W 0.61-0.70

N 0.71-0.80 N 0.71-0.80

o1
J0.21
[Jo.31
[Jo.41
J0.51
I o.61
. 0.71

Emo-0.10

o7

15 August
0 -0.10

-0.20
-0.30
-0.40
-0.50
-0.60
-0.70
-0.80

30 September

9 0.11-0.20
[J0.21-0.30
[70.31-0.40
[J0.41-0.50
[0.51-0.60
[ 0.61-0.70
-0.80

Fig. 1b. Probabilities of drought lasting for at least two weeks for the periods that ended on 15 July to 30 September
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15 April 30 April

ENO0-0.10 EO0-0.10

I 0.11 - 0.20 I 0.11 - 0.20
[70.21-0.30 [ 0.21 - 0.30
[10.31-0.40 [10.31-0.40
[10.41-0.50 [10.41-0.50
[710.51 - 0.60 [ 0.51 - 0.60
[ 0.61-0.70 I 0.61 - 0.70

N 0.71-0.90 N 0.71-0.90

31 May 15 June 30 June

B0 -0.10 ENo0-0.10 E0-0.10

[ 0.11 - 0.20 [ 0.11 - 0.20 0.1 - 0.20
7021 -0.30 [70.21 -0.30 [770.21 - 0.30
[10.31-0.40 [10.31-0.40 [10.31-0.40
[10.41-0.50 [10.41-0.50 [70.41-0.50
[70.51-0.60 [710.51-0.60 [710.51 - 0.60
[ 0.61 - 0.70 [ 0.61 - 0.70 [ 0.61-0.70

N 0.71 - 0.90 N 0.71-0.90

N 0.71-0.90

Fig. 2a. Probabilities of drought lasting for at least three weeks for the periods that ended on 15 April to 30 June
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15 August
ENO0-0.10
[ 0.11 - 0.20
[ 0.21 - 0.30
[10.31-0.40
[10.41-0.50
[ 0.51 - 0.60
I 0.61 - 0.70
I 0.71 - 0.90

31 August 15 September 30 September

Emo-o0.10 Emo-0.10 Emo-0.10

0.1 -0.20 [ 0.11-0.20 9 0.11-0.20
[0.21-0.30 [70.21-0.30 [70.21-0.30
[J0.31-0.40 []0.31-0.40 [10.31-0.40
[70.41-0.50 [70.41-0.50 [70.41-0.50
[770.51-0.60 [770.51-0.60 [710.51-0.60
Eo.61-0.70 I 0.61-0.70 I 0.61-0.70

N 0.71 - 0.90 N 0.71-0.90

N 0.71 - 0.90

Fig. 2b. Probabilities of drought lasting for at least three weeks for the periods that ended on 15 July to 30 September
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Repeated, abundant rains lasting for at least two weeks were often more probable in the central to northern parts
of the country than in the southern parts during the early growing season (Figs.3a and 3b). The likelihoods were
usually 6% at most. The spatial variation ranged markedly from one observation time slice to another, which is
attributable to the locational nature of rains during summertime. Repeated rains lasting for two weeks became
more frequent again in September, with likelihoods being up to 11%. The likelihood of rains lasting for three weeks
was lower (up to 6%, but mostly 0-3%) throughout the period from early April to late September (Figs. 4a and 4b),
however, with the highest probabilities at the end of September.

15 April 30 April
o o

[ 0.01 - 0.03 [ 0.01 - 0.03
[10.04-0.06 [10.04-0.06
[770.07 - 0.08 [7770.07 - 0.08
1 0.09 - 0.11 1 0.09 - 0.11

-0.15 -0.15

Fig. 3a. Probabilities of repeated rains lasting for at least for two weeks for the periods that ended on 15 April to 30 June
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15 July
o

[ 0.01 - 0.03
[10.04-0.06
[710.07 - 0.08
0.09 - 0.11
E0.12-0.15

31 August

-0.03
[10.04-0.06
[710.07 - 0.08
N 0.09 - 0.1
-0.15

Fig. 3b. Probabilities of repeated rains lasting for at least for two weeks for the periods that ended on 15 July to 30 September
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15 April 30 April
.o o
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[10.04-0.06 [10.04 -0.06
[710.07 - 0.08 [710.07 - 0.08
1 0.09 - 0.11 .09 - 0.11

-0.15

BN0.12-0.15

31 May 15 June 30 June
.o o o

o0.01 [ 0.01 - 0.03
[ 10.04 [ 10.04 [10.04-0.06
0.07 X [710.07 - 0.08
1 0.09 I 0.09 I 0.09 - 0.11

BN 0.12-0.15

EN0.12-0.15

WN0.12-0.15

Fig. 4a. Probabilities of repeated rains lasting for at least for three weeks for the periods that ended on 15 April to 30 June
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15 August

[ 0.01-0.03
[70.04-0.06
[770.07 - 0.08
-0.11

31 August

[90.01-0.03
[10.04 - 0.06
[770.07 - 0.08
I 0.09 - 0.11
-0.15

Fig. 4b. Probabilities of repeated rains lasting for at least for three weeks for the periods that ended on 15 July to 30 September

Discussion

Notable spatial and temporal variation both in the likelihood of having drought episodes or the reverse, hav-
ing repeated and abundant rains lasting for two or three weeks emphasizes the challenges that highly variable
precipitation conditions bring to agriculture in Finland. Impacts of drought and abundant rains on crop production
are, however, often dependent on soil conditions like soil type, soil compaction and soil management (Turunen
et al. 2015). Even though we concentrate with the following examples on characterizing the general challenges
for crop production and its environmental impacts, these comprehensive datasets may also serve many other
types of assessments.
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In the short growing season typical of high latitudes, field operations both suffer and benefit from periods with
low precipitation. A drought lasting two (Fig. 1a) and even three weeks (Fig. 2a) was very common in April and
May with probabilities ranging from 31 to 70%. This means prior to typical sowing times (Peltonen-Sainio and
Jauhiainen 2014). Rainless periods enable soil drying after snow melt, which is further facilitated with subsurface
drainage that covers some 60% of Finnish arable land (http://www.salaojayhdistys.fi/tilastot/salaojatilastot.pdf).
Depending e.g. on the variation in the thickness of snow cover, the progress of snow melt, depth of soil frost as
well as early summer precipitation and temperature, the time for sufficiently dry soil supporting optimal sowing
conditions may range a great deal from one growing season to another (Peltonen-Sainio and Jauhiainen 2014).
For example, in southern Finland sowings of spring cereals started in late April in some years, but are occasionally
postponed even by one month due to insufficient soil drying. Such a range in sowing time is critical when com-
pared to the shortness of the growing season at high latitudes. The greatest likelihood of drought preceding sowing
was in the north-west coastal regions of Finland, but also in the more southerly coastal regions and in the south-
east of Finland (Figs. 1a and 2a). Due to high variation during sowing time (Peltonen-Sainio and Jauhiainen 2014),
drought taking place e.g. by mid-May, may in one year facilitate sowings in the case of late soil drying, while in
another year it may, together with elevated temperatures (see Peltonen-Sainio et al. 2016b) cause too fast a soil
drying, uneven seedling emergence and plant stand establishment (Mukula and Rantanen 1987, 1989, Pahkala
et al. 1994, Hakala et al. 2012). Spring cereals have a very limited capacity to compensate for reduced seedling
number by tillering, because long days inhibit tillering (Mela and Paatela 1974, Peltonen-Sainio and Jarvinen 1995)
and thereby support uniculm plant stands (Peltonen-Sainio et al. 2009). Contrary to this, turnip rape (Brassica
rapa L.) and oilseed rape (B. napus L.) may compensate for low number of seedlings per land area by branching
without any marked yield losses (Pahkala et al. 1994).

There was a tendency that, soon after the typical period for sowing and/or seedling emergence, the probabilities of
drought decreased, usually below 20% in all regions (Fig. 1a). This sounds to be feasible change when considering
that such conditions are in general better for seedling emergence and plant stand establishment. However, according
to long-term climatic datasets (30 years), the barley crop gained only 30 to 50% of the precipitation needed for
undisturbed formation of yield potential during the most vulnerable phase of yield determination occurring
prior to heading (Peltonen-Sainio et al. 2011). Thereby, the mean yield loss ranged from 7 to 17% depending
on region. Hence, even slight increases in precipitation are likely to favour crop growth when occurring during
the yield determination phase (Peltonen-Sainio et al. 2011, Hakala et al. 2012). However, in most regions of the
country, the likelihood for frequent rains with an above normal precipitation sum was no more than 3% in June
(Fig. 3a). Pohjanmaa, having large scale cereal and forage production, was an exception, as the likelihood ranged
from 4 to 11%. This is likely to contribute reasonably to the crop demand for water in that particular phenological
phase, but may also associate with an increased risk of lodging (Mukula and Rantanen 1987). It may also postpone
the harvest of forage crops and reduce the total number of cuts. However, the successive time slices differed from
each other without showing very consistent trends in changes, which emphasizes the locality of rains that always
cause an additional challenge to agricultural operations.

Contrary to drought —which often causes direct yield losses through uneven plant stand establishment, reduced
floret and grain set (Rajala et al. 2009, 2011) and associates with inefficient nutrient uptake (Muurinen et al. 2007)
—repeated and heavy rains exhibit comprehensive risks for crop growth and agricultural operations depending on
their timing. lronically, also flooding causing anoxia, especially for the particularly sensitive barley crop, is reasonably
common (Mukula and Rantanen 1987, 1989). This is, however, often attributable to insufficient infiltration
capacity of the soil that may be due to neglected investments in the maintenance of subsurface drainage, which
is increasingly common for leased fields with short contract periods (Pouta et al. 2012). Nonetheless, repeated,
heavy rains lasting for at least two weeks were often more probable in some northern parts the country than in
the southern and inland regions in the early growing season (Fig. 3a). The likelihoods were usually 6% at most, but
these figures do not take into account heavy showers that as such may also cause flooding (Aaltonen et al. 2008).

Repeated rains lasting for two weeks became more frequent again in September with likelihoods being up to 11%,
while the likelihood of rains lasting for three weeks was lower, < 6% throughout the period from April to Septem-
ber (Figs. 4a and 4b). There are many long-lasting, irreversible and thereby, hazardous impacts that repeated and
abundant rains exhibit depending on their timing. One of them is an increased risk of nutrient leaching and erosion
(Vagstad et al. 2004, Puustinen et al. 2007, @ygarden et al. 2014). Even though high precipitation-induced runoff
and nitrogen (N) loss are typical outside the growing season, extreme events in any season may cause high runoff
and nutrient losses (@ygarden et al. 2014). When heavy rainfall resulted in delayed sowing of winter wheat, the pe-
riod of bare soil in the autumn was expanded and thereby, the risk of N loss increased (Bgrgeson and Olesen 2011).
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Furthermore, soil compaction caused by field traffic (e.g. sowing, harvest, tillage, ploughing, and/or crop protec-
tion) during high soil moisture content (Alakukku et al. 2003, Spoor et al. 2003) is detrimental to soil structure,
with long-lasting adverse impacts on crop production. The creation of soil compaction and the capacity of the soil
structure to recover depend on soil type and texture, crop rotation, tillage system, machinery, soil topography and
water outflow pathways (Alakukku et al. 2003, 2010, Turunen et al. 2015). On the other hand, our study also in-
dicated that not only repeated and heavy rains but also drought periods with the opposite impacts became more
frequent (being mainly 11-30%) in September compared to the late summer months (Fig. 1b).

Weather variability may increase and extreme weather events may become more frequent in the future due to
climate change (IPCC 2012, 2013). Projected changes in precipitation differ between seasons: for example, pre-
cipitation is projected to increase especially outside the growing season while only modest to minor changes are
projected to take place during the summer period (Ruosteenoja et al. 2007, Ylhaisi et al. 2010, IPCC 2013). Such
anticipated changes do not in any case reduce the risks in agriculture that are discussed above (Peltonen-Sainio
et al. 2015a). As Finland is an exceptionally water-rich country, with one third of fields located in direct contact
with the shoreline of an inland waterway (Peltonen-Sainio et al. 2015b), the currently challenging and possibly
in future growing challenges of drought during the vulnerable developmental phases of crops (Peltonen-Sainio
et al. 2015a) can be alleviated with proactive adaptation through the development of irrigation systems currently
lacking in Finland (Peltonen-Sainio et al. 2015c). On the other hand, increasing precipitation outside the grow-
ing season calls for efficient drainage and year-round water management systems that not only concentrate on
irrigation in order to alleviate the impacts of drought but also protect from erosion, nutrient leaching and other
adverse impacts on the environment.

Conclusions

We found substantial spatial and temporal variation in the likelihood of drought episodes and repeated, abun-
dant rain, which highlights the challenges that highly variable precipitation conditions cause for boreal agricul-
ture. Especially drought episodes were common during the early half of the growing season, which is especially
critical for crop stand establishment, crop growth and yield formation. Furthermore, repeated rains with high
accumulated precipitation that lasted for two weeks became more common in the latter part of the growing
season, which again has many impacts on the ripening and quality formation of crops as well as for many agricul-
tural operations having also direct or indirect impacts on environmental footprint of agriculture. Again, we high-
lighted some examples to characterize the general challenges caused by a great variation in precipitation for crop
production and its environmental impacts. However, these comprehensive datasets may serve also many other
assessments in agriculture or beyond.
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