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We assessed impacts of recent weather extremes on yields of major food and feed crops in the Netherlands.
Impacts on the arable crops potato, sugar beet, onion and winter wheat were analysed in 12 regions. Impacts on
the forage crop yields grass and maize were analysed for 6 regions. This study shows impacts of weather extremes
on crop yields, mediated by soil and agricultural management (irrigation, fungicides, etc). We show that two
large scale weather extremes had a major impact on crop yields. The 1998 extremely wet harvesting period had a
major negative impact on all tuber crops (potato, sugar beet, onion). The 2018 extremely dry summer period had
a major negative impact on grass and onion. One region was found to be particularly sensitive to drought, which
seems to be related to this province having poor access to irrigation. Much larger negative impact of drought in
this one region shows that impact of extremes can be strongly mitigated by agricultural management (irrigation).
Therefore, should access to irrigation decline in the future, impact of drought would be larger than reported here.
Our analysis contributes to a deeper quantitative understanding of which weather extremes actually affect crop

production and subsequently benefits the quest for adaptation options.

1. Introduction

There is a growing concern over climate change increasing the fre-
quency of weather extremes and their impact on agricultural production
(Beniston et al., 2007; Katz and Brown, 1992; Lesk et al., 2016). It is easy
to quantify weather extremes as rare weather events, much harder to
quantify their impact (Beillouin et al., 2020; Katz and Brown, 1992; Lesk
et al., 2016; Vogel et al., 2019; Yan et al., 2022). Three approaches are
used to quantify impact of weather extremes on agricultural production:
crop growth modelling (e.g. see (Barlow et al., 2015; Gobin, 2010,
2018)), empirical approaches (e.g. see (Lanning et al., 2011; Troy et al.,
2015; van Oort et al., 2012a)) and analyses based on expert knowledge
(e.g. see (Schaap et al., 2011; Schaap et al., 2013)). Impact depends not
only on the weather extreme itself, but also on crop, soil and agricultural
management. Examples of agricultural management mitigating impact
are drainage and irrigation, which can lead to a de-coupling of the
relation between weather extremes and crop yield anomalies (Troy
et al., 2015). Without information on actual agricultural management,
modelling outcomes remain quite uncertain. Actual yields are the
aggregated outcome of combined effects of weather extreme, crop, soil
and management. The chain of events ultimately causing yield

anomalies may be hard to retrace from yield data alone.

The year 2018 was extremely dry throughout Europe (Beillouin
et al., 2020), also in the Netherlands (Sluijter et al., 2018). Impacts of
this drought have never been analysed at higher spatial resolutions.
Here, we build on a previous study where we identified key weather
extremes’ impact on potato yields in the Netherlands (van Oort et al.,
2012a). Using 60 years of weather data, farm data and regional yield
data we identified two weather extremes responsible for major ware
potato yield anomalies in those 60 years: (1) an extremely wet start of
the growing season causing delayed planting and (2) an extremely wet
harvesting period causing harvest problems. The dataset used in this
previous study was biased due to farm data originating mainly from one
region (Flevoland) with good irrigation access. Limited farm data were
available from the previous record large scale drought of 1976. The
recent extreme drought offers a renewed opportunity for investigating
impact of drought on crop yields. Compared with our previous study
(van Oort et al., 2012a), we broaden the scope by analysing the impact
of 4 types of weather extremes (wet planting period, wet growing
period, dry growing period, wet harvesting period). We extend the
analysis to all major crops of the Netherlands (Fig. 1). The crops
considered together represent 88% of Dutch crop area of 2019: grass
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Fig. 1. Agricultural land use in the Netherlands 2019.
Source: Central Bureau of Statistics (CBS, 2022b).

(54%), silage maize (11%), potatoes (10%: ware: 5%, seed 3%, starch
3%), winter wheat (7%), sugar beet (5%) and onion (2%). Economically
the crops we analysed are also the most important crops in the
Netherlands (Schaap et al., 2013).

The objective of this paper is to contribute to the scientific basis for
better climate risk management by better understanding weather ex-
tremes’ impact on crop yields. We analyse impact of four weather ex-
tremes on crop yield anomalies for major crops of the Netherlands. The
hypotheses are that (1) the four weather extremes can, but do not
necessarily, have a large negative impact on crop yields and (2) actual
negative impact can be moderated by farm management, crop traits and
soil and landscape position. We test the first hypotheses using weather
data and crop yield data. Quantitative data for testing the second hy-
pothesis are unavailable at a large scale. Therefore, we reflect on this
second hypothesis using agronomic knowledge of field crop cultivation
in the Netherlands.

2. Material and methods
2.1. Data

2.1.1. Weather data
Daily precipitation and potential evapotranspiration (ETy) were

Table 1
Weather stations and linked FADN and CBS regions.

Weather stations Linked regions

Name Code First year® FADN CBS

De Kooy 235 1965 Clay Noord-Holland
De Bilt 260 1960 Utrecht
Lelystad 269 1992 Clay Flevoland
Leeuwarden 270 1988 Peat Friesland
Deelen 275 1988 Sand Central Gelderland
Eelde 280 1965 Sand North Groningen
Eelde 280 1965 Sand North Drenthe
Twenthe 290 1988 Overijssel
Vlissingen 310 1964 Clay Zeeland
Rotterdam 344 1988 Peat Zuid-Holland
Eindhoven 370 1985 Sand South Noord-Brabant
Maastricht 380 1965 Loss Limburg

$ first year for which both rainfall and ETO data are available. Some stations have
longer time series for temperature. For some stations incomplete rain and ETO
timeseries are available for earlier years, the years listed in this table are the first
year from which onwards to now complete rainfall and ETO data are available.
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collected from the Dutch weather service (KNMI, 2022a), for 11 KNMI
weather stations across the Netherlands (Table 1, Figs. 2, 3). ET, values
are calculated by KNMI using the ‘Makkink’ method (Makkink, 1957).
The precipitation deficit was calculated as ETo minus precipitation.

2.1.2. Crop data

2.1.2.1. Arable crops. The arable crops included in our study are ware,
seed and starch potatoes, sugar beet, onion and winter wheat. Arable
crop yields are available from the Central Bureau of Statistics (CBS,
2022a) at the provincial level (Table 2, Fig. 2). CBS determines planted
area (ha), harvested area (ha) and yield (kg/ha) through annual surveys.
Yield in the CBS definition refers to the yield of those fields from which
crops were actually harvested. This approach obscures harvesting
problems (van Oort et al., 2012a), because for the fields that were
planted but not harvested, the yield was zero. We first calculated pro-
duction as yield x harvested area and then yield as total production /
planted area. Dividing by ‘planted area’ does account for losses from
not-harvested fields. For onion, quality losses may become apparent
after harvesting, during storage. CBS reports onion yields before
(without) and after (with) quality losses. We used the latter in our
calculations.

2.1.2.2. Forage crops. CBS does not report forage crop yields at the
provincial level. The lowest available spatial scale for the yield of forage
crops is the FADN dataset (Roskam et al., 2020), with 6 regions (Fig. 3).
From this database, we extracted the total dry matter yield (kg/ha) of
grass and forage maize, between 1998 and 2020. The production of
harvested forage maize is determined by measurements of on-farm
silage stocks, corrected for conservation losses. A similar approach is
used to determine the production of cut grassland. The production of
grazed grassland is calculated as the difference between the energy
demand for milk production, growth and maintenance, and the energy
supply by grass silage, maize silage and concentrates. The production of
grass is calculated as the sum of cut and grazed grass. The yields of grass
and maize are calculated by dividing the production by the respective
areas (Aarts et al., 2008; Duijnen et al., 2021). A possible issue with the
FADN data is that year 2000 is missing. Results for the arable crops
showed no weather extremes or crop extremes in the year 2000. We
therefore expect no problems in our analysis from missing FADN crop
data in year 2000.

2.2. Extremes

We defined thresholds for weather variables and crop yields as the
upper or lower 5% percentile of all observations. Any observations
above the upper or below the lower threshold where classified as
extreme. Clearly, large interannual variation exists also within this
“normal” and within this “extreme”, see for example Fig. 4. With such
variability one could state there is no such thing as “normal” weather or
a “normal” crop yield. For lack of better wording, we use the words
“normal” here for the upper 95% and ‘“extreme” for the lower 5% of
observed values.

2.2.1. Weather extremes

Searching for high impact weather extremes has been compared with
looking for a needle in a haystack: an infinite number of definitions of
extremes are possible, many of which have no noticeable impact on crop
yields. We used a priori agronomic knowledge to focus on four types of
weather extremes for key periods with agronomic importance and
proven high impact (Table 3). We selected a wet planting period (van
Oort et al., 2012a), a wet harvesting period (van Oort et al., 2012a), a
dry growing period (Beillouin et al., 2020; Gobin, 2010, 2018) and a wet
growing period. Although there is less empirical evidence for the impact
of a wet growing season, there are good reasons to include it in our
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Fig. 2. Dutch Provinces and linked KNMI weather stations.

analysis. One may expect increased nutrient leaching, lower radiation
levels associated with persistent ¢

Table 3 were calculated from 5 stations with complete time series
between 1965 and 2021 and a good spatial distribution (De Kooy, De
Bilt, Eelde, Vlissingen and Maastricht), covering North, Centre, East,
West and South of the country (Fig. 1).

The same set of weather extremes was applied to all crops. Admit-
tedly differences in planting period exist between crops and between
regions (van Oort et al., 2012b). Growing periods and harvesting periods
are also different between crops and between cultivars. Roughly the
crops considered here all have the same growing period. Grass has a
longer growing period from March/April to October/November. Winter
wheat is sown in October and harvested in July. At 52 degrees latitude
irradiance in the Netherlands shows strong seasonal effects with irra-
diance being intermediate in spring and high in summer. Our definition
of the growing period as being May-Aug covers that part of the (longer)
growing period of grass and winter wheat in which highest irradiance
and thus highest growth are to be expected.

Cases where two weather extremes occurred in the same year and
region were very rare and did not affect the outcomes of our analyses.
We address this issue in the interpretation of the results.

2.2.2. Crop yield extremes

To allow for comparison among crops and regions we normalise the
data by dividing yields for all region-year-crop combinations by the
normally expected crop yield for that region. The relative yield (RY) for
crop c in region r in year t was calculated as:

Ya,c,r(t)

RY.,(t) = 70

_1 €Y)

Where Y,,(t) is actual (observed) crop yield and Y., (t) is expected
yield, obtained through linear regression of Y,..(t) on t, and thus ac-
counting for possible trends in yields. Breeding and technological ad-
vances may have led to yield increases over time (Fischer et al., 2014;
Schils et al., 2020). The trend correction accounts for these de-
velopments, allowing us to single out the effect of weather extremes on
crop yields.

When yields Y, ,(t) are normal, Y, -(t) equals ?C,r(t) in which case
the relative yield RY is zero. A negative RY indicates that yields Y, ,(t)
are lower than expected. For instance, an RY of — 0.2 means yields are
20% lower than normal. We considered a relative yield below the 5th
percentile as a crop yield extreme, indicating the 5% lowest relative crop
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Fig. 3. FADN regions and linked KNMI weather stations.

Table 2
Overview of collected crop yield data.
Crop Source n Regions Years  Remarks
Potato CBS 324 12 27
Ware
Potato CBS 314 11 27 Less data for Utrecht: 17 years
Seed
Potato CBS 54 2 27
Starch
Sugar CBS 324 12 27
beet
Onion CBS 308 11 26 Less data for Utrecht: 17 years
Winter CBS 324 12 27
wheat
Grass FADN 168 6 20 No data for year 2000. Clay: 3
stations; Peat: 2 stations
Silage FADN 171 6 20 No data for year 2000. Clay: 3

maize

stations; Peat: 2 stations

yields for each crop. Percentiles were calculated from regions with the
same length of timeseries, excluding three regions with incomplete
timeseries: ‘Loss’ (FADN), ‘Sand South’ (FADN) and ‘Utrecht’ (CBS).

2.2.3. Weather and crop Yyield extremes

For each crop and each weather extreme, we grouped the relation
between the occurrence of weather extreme and the occurrence of crop
yield extreme in four possible categories:

— W;Cy: Co-occurrence of weather extreme and crop yield extreme
— W;Cp: Occurrence of weather extreme with a normal crop yield
— WyCj: Occurrence of crop yield extreme with normal weather

— WyCp: Co-occurrence of normal weather and normal yield

From these 4 categories we calculated the following conditional
probabilities:

p(WiICy) = WiCy / (WoCy + WiCy) ()]

p(C1IWp) = WoCy / (WoCy + WoCo) 3
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Fig. 4. Relative yields in relation to sum of precipitation deficit during the growing period for the onion crop. x-axis: Sum of precipitation deficit between 1 May and
31 Aug (mm); y-axis: relative yield (Eq. (1)). Horizontal dashed red line corresponds with 5th percentile of relative crop yields as defined per crop in table Fig. 6.
Vertical dashed red line corresponds with 95th percentile of the sum of precipitation deficit as defined in Table 3. Horizontal solid black line corresponds with mean

relative yield.

Table 3
Weather extremes and their 5th and 95th percentile threshold values.
Weather Weather variable Period 5th Median 95th
extreme (mm) (mm) (mm)
Wet Sum of 16 Mar — 77 138
planting precipitation® 5 May
period
Wet Sum of 1 May - -59 97
growing precipitation 31 Aug
period deficit®
Dry growing Sum of 1 May - 97 251
period precipitation 31 Aug
deficit®
Wet harvest Sum of 20 Aug - 177 299
period precipitation® 4 Nov

@ For consistency with our previous study, we use the same definitions of these
two extremes here as in (van Oort et al., 2012a).

$ The Dutch weather service (KNMI) calculates the precipitation deficit over the
period 1 April — 1 Oct (KNMI, 2022b). Here we calculate it over a shorter period
that better matches the growing period of crops. The positive median precipi-
tation deficit ) (ETo-rain) of 97 mm indicates the Dutch growing season nor-
mally has a precipitation deficit. The 95th percentile of 251 mm indicates
precipitation deficit was 251/97 = 2.6x higher than the median in the upper 5%
of cases out of 285 total cases (5 stations x 57 years).

p(C1IW1) = W{Cy / (WCy + W1Cop) @

Where p(W1|Cy) is the probability of a weather extreme given a crop
extreme. p(C;|Wp) is the probability of a crop yield extreme under
normal weather conditions; we can think of this as the baseline risk. p
(C1|Wh) is the probability of a crop yield extreme, given that a weather
extreme occurs.

This concept is illustrated in Fig. 4 for the occurrence of onion crop

yield extremes and the ‘dry growing period’ extreme. There are 286
region x year combinations with the following distribution: W,C; =5,
W1Co = 7, WoC1 = 9 and WoCy = 265. The crop yield extreme occurs C;
=5+ 9 =14 times. Of these 14 cases, W1C; = 5 cases were with an
extremely dry growing period. Thus (Eq. (2)) 5/14 = 36% of the onion
crop yield anomalies seem to be caused by the ‘dry growing period’
extreme type. In a similar vein, one could calculate how much of the
remaining 9 onion crop yield anomalies are associated with the other 3
weather extremes listed in Table 3. Further on in the paper we will show
that another W1C; = 5 cases were with an extremely wet harvesting
period, thus in total (5 +5)/14 = 72% of the onion yield anomalies are
associated with these two extremes. The baseline risk of an onion yield
anomaly, under ‘normal’ weather conditions is p(C;|Wp) = 100% x 9
/(9 +265) = 3% (Eq. (3)). An extremely dry growing period leads to the
risk of crop failure increasing to: p(C1|W1) = 100% x 5 /(5 +7) = 42%
(Eq. (4).

The classification into quadrants simplifies the analysis. Quantitative
values for the magnitude of the extremes in the quadrants W;Cy, WoCy
and W;C; are presented in the ‘Supplementary Material Main’ and
‘Supplementary Material Co-occurrence of Crop and Weather Extremes’.
For example in the W;C; quadrant in Fig. 4 we can see for the ‘Zeeland’
dot a rainfall deficit of 314 mm (3.2x higher than normal) and the onion
relative yield is RY= —0.687 (68.7% lower yield than normal).

3. Results
3.1. Weather extremes: frequency in time

Fig. 5 shows the frequency of the 4 extremes over time for the 5
stations with long time series (1965-2021). It is difficult to detect trends
from these figures. Rather these figures suggest 57 years of weather data
per station is still too short for detecting trends in rare weather condi-
tions. For the extreme Dry growing period, two years stand out as years
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Fig. 5. Frequency of weather extremes in 5 stations with long timeseries (1965-2021).

in which the extreme occurred in large parts of the country (4 out of 5
stations): years 1976 and 2018 were extremely dry (Fig. 5c¢). The
extreme Wet harvesting period (Fig. 5d) occurred in 1998 throughout
the country, while in 1974 it occurred in 2 stations in the Western part of
the country. To the older Dutch agronomists, 1974 is known as the year
with severe harvesting problems as fields were too wet for machinery to
operate in. Therefore, conscript soldiers were ordered to help harvesting
(Fig. S1 in ‘Supplementary Material Main’).

3.2. Crop yield extremes

A crop yield is considered extreme if relative yield RY (Eq. (1)) is
below the lower 5% of all observed RY. For onion, relative yields at the
5% threshold are 28% lower than normal (see Fig. 4 for an illustration).
Fig. 6 shows these 5% thresholds for the crops considered in this study.
High values in this figure indicate stronger negative yield variations, i.e.
more vulnerable crops. Lower 5% RY are worst for onion (—28%), fol-
lowed by ware potato (—21%) indicating these crops are most fragile. RY

Arable crops
-27.8

-30
X
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>
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2
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© -13.9
5 15
o
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X
wn
g -5
3
o
-
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Potato Potato Potato Sugarbeet Onion Winter
Ware Seed Starch wheat

are best for sugar beet (—15%), silage maize (—13%) and winter wheat
(—14%) indicating these crops are most robust.

3.3. Weather extremes x yield anomalies

3.3.1. Yield anomalies explained by two weather extremes

For arable crops, except winter wheat, there was a strong co-
occurrence of extreme crop yields and two weather extremes (Fig. 7;
see ‘Supplementary Material Co-occurrence of Crop and Weather Ex-
tremes’ for further quantitative data). Out of 60 cases with extremely
low arable crop yields, 42 (70%) co-occurred with one of the two
weather extremes ‘extremely dry growing period’ and ‘extremely wet
harvesting period (Fig. 7). For ware potato, 13% of extremely low crop
yields were explained by extreme drought and 73% by an extremely wet
growing period, in total these two extremes explained 85% of the ware
potato crop yield anomalies. In grass, 6 out of 7 (86%) extreme crop
yield anomalies co-occurred with the weather extreme “extremely dry
growing period”. Variation in yield anomalies in winter wheat and silage

Forage crops

-30
-25
-187 .20 17.9
-15.7
-15 -13.4
-10
-5
0
Average Grass  Silage maize Average
arable maize and
crops grass

Fig. 6. Lower 5% of relative crop yields for arable and forage crops.
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Fig. 7. Frequency of weather extreme types for cases where crop yields were extremely low.

maize was less well explained by the weather extremes.

3.3.2. Crop sensitivities to weather extremes

Fig. 8 shows how much the risk of crop failure increases with the
occurrence of two weather extremes. In ware potato, the probability of
an extremely low crop yield under normal conditions is p(C;|Wo) = 13/
311 = 4%. Extreme drought increases the probability of crop failure to p
(C1|W1) = 2/13 = 15%. An extremely wet harvesting period increases
the probability of crop failure to p(C;|W1) = 11/20 = 55%. In Fig. 8 we
can see which crops are most vulnerable to a particular extreme. Grass
and onion are most sensitive to extreme drought during the growing
period. Tuber crops (potato, onion, sugar beet) are most sensitive to
extreme wet conditions during the harvesting period.

3.3.3. Two large scale weather extremes

3.3.3.1. Extremely dry summer of 2018. An extremely dry growing
period occurred 13 times in 12 provinces x 27 years (13 out of
12 x27 =324 cases); more quantitative data can be found the Supple-
mentary Material. Of these 13 cases, 10 cases were in 2018, indicating
the extreme was a large scale extreme occurring throughout the country.
The remaining 3 cases were in Zuid-Holland (1995) and Noord-Holland
(2003, 2009). Drought was more severe in the 10 cases 2018 than in
those other 3 cases. No yield anomalies were recorded in those 3 cases.
The 2018 drought had a big impact on a range of crops in one or more
provinces:

o a.

g 100%

o Ware potato

= 0,

; 80% Seed potato

o

> 60% ——— Starch potato

[

g Onion

S 40%

= N - - -Sugarbeet

::; 20% —— Winter wheat

§ Grass

o 0% . .

o Silage maize
normal extreme

dry growing period

e 2 (out of 12) provinces experienced a ware potato yield anomaly
(Overijssel, Zeeland)

e 4 (out of 12) experienced a seed potato anomaly (Limburg, Utrecht,
Zeeland, Zuid-Holland)

e 0 (out of 2) experienced a starch potato yield anomaly

e 2 (out of 12) provinces experienced a sugar beet yield anomaly
(Overijssel, Zeeland)

e 5 (out of 11) provinces experienced an onion yield anomaly (Gel-
derland, Limburg, Noord-Brabant, Zeeland, Zuid-Holland)

e 5 (out of 6) FADN regions experienced a grass yield anomaly. Rela-
tive yield in ‘Sand South’ was — 0.151, above the lower 5% of
—0.179 (Fig. 6)

e 0 (out of 6) FADN regions experienced a silage maize yield anomaly

From these analyses, the province of Zeeland stands out as the
province in which impact of the 2018 drought was most severe (see also
Fig. 4). Noord-Holland, a province with similar soil and weather as
Zeeland, showed much smaller yield anomalies in 2018. The key dif-
ference between these two provinces is that Noord-Holland has good
irrigation access (from the large IJsselmeer lake to the east of this
province, Fig. 2), whereas Zeeland has poor access to irrigation, due to
brackish groundwater and limited river/canal sweet water influx. Thus
the comparison between these two similar provinces shows the great
impact of irrigation mitigating negative impacts of drought.

The outcome of 0 silage maize yield anomalies came as a surprise. A
(Dutch) report by (Haan et al., 2019) provides an elaborate analysis of
the impacts of the 2018 drought on forage crop yields in a number of
dairy farms. It suggests drought did impact both forage crops but also
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Fig. 8. Increased risk of extremely low crop yields for two particular weather extremes. Note in a the lines of sugar beet (dashed blue) and ware potato (red) overlap.

Note in b the lines of sugar beet (dashed blue) and onion (yellow) overlap.
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reports on irrigation applied in maize. Possibly the combination of
irrigation and a deep rooting system has kept impacts on maize within
limits.

3.3.3.2. Extremely wet harvesting period of 1998. An extremely wet
harvesting period occurred 20 times in 12 provinces x 27 years. Of these
20 cases, 12 cases were in 1998, indicating the extreme was a large scale
extreme occurring throughout the country. The 1998 wet harvesting
period had a big impact on a range of crops in one or more provinces:

11 (out of 12) provinces experienced a ware potato yield anomaly
6 (out of 12) provinces experienced an seed potato anomaly

2 (out of 2) an extreme starch potato yield anomaly

5 (out of 12) provinces experienced an sugar beet yield anomaly
6 (out of 11) experienced an onion yield anomaly

Forage crops had no yield anomalies in 1998

The extremely wet harvesting period of 1998 as measured by the
rainsum was more extreme in the 12 cases occurring in 1998 than in the
8 other cases (‘Supplementary Material Main’, Table S2). Almost no
extreme crop yield anomalies were found in those 8 remaining less se-
vere cases. This finding is consistent with van Oort et al. (2012a) who
reported a number of years and regions where rainfall sum during the
harvesting period was just below the threshold above which excess rain
causes irresolvable harvesting problems. The current study shows also
other tuber crops (starch potato, seed potato, sugar beet, onion) are
affected by this extreme.

4. Discussion
4.1. Main findings

Most of the crop yield anomalies in recent 27 years could be
explained from two large scale weather extremes: the extreme wet
harvesting period of 1998 and the extremely dry growing period of
2018. The same extremes also occurred more locally and less severely in
a few other regions and years. For most crops, except for winter wheat
and silage maize, we found a strong relation between occurrence of
extreme crop yield anomalies and two weather extremes, the ‘dry
growing period’ extreme and the ‘wet harvesting period’ extreme.
Weather extreme impact may have been mitigated by crop traits, soil
and agricultural management.

Crops can be ranked in terms of degree of yield variation. Yields of
onion are most variable between years and regions, yields of silage
maize, sugar beet and winter wheat are least variable (see also (Assel-
donk et al., 2020)). This is reflected in the lower 5% percentile of rela-
tive yields shown in Fig. 6:

e least vulnerable: maize, sugar beet, winter wheat (Fig. 6: lower 5%
relative yields: —14%)

intermediate: grass, potato (Fig. 6: lower 5% relative yields: —17% to
—20%)

most vulnerable: onion (Fig. 6: lower 5% relative yields: —28%)

Correlation between occurrence of extremely low crop yields and
weather extremes is stronger for the more vulnerable crops (Fig. 7 grass,
potato, onion, 64%—100%) than for the less vulnerable crops (Fig. 7
Silage Maize, Sugar beet, Winter wheat, 20-53%). Perhaps not surpris-
ingly, these 3 least vulnerable crops happen to be the crops with the
deeper rooting system.

For the United States, Troy et al. (2015) found irrigation can strongly
mitigate negative impacts of drought. Here we report a similar finding,
where comparing two regions with similar weather and soil, one prov-
ince (Noord-Holland) with good irrigation access suffered no crop yield
anomalies from the 2018 drought. The province without irrigation
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access (Zeeland) suffered severe negative impact of the 2018 drought.
Compared with other provinces Zeeland has both poor access to surface
irrigation through influx from rivers and no access to groundwater
irrigation because of shallow saline groundwater. Comparing crop
sensitivity to weather extremes we find grass and onion to be most
sensitive to a dry growing period (Fig. 8). Grass was even more sensitive
than onion. We suspect the impact of drought in grass is still larger than
in onion because onion is more likely to be irrigated than grass, as onion
is a cash crop and grass a less profitable forage crop. Irrigation is costly
and dairy farmers will be balancing the extra costs of irrigation against
the extra costs of purchasing animal feed from other sources (Haan et al.,
2019). When there is a severe drought period there can even be a ban on
the irrigation of grassland, in particular in the sand regions.

An extremely wet harvesting period has impact on three potato
cultures. Seed potato is relatively less sensitive to this extreme and
starch potato is most sensitive. This sensitivity coincides with harvesting
periods: seed potato is generally harvested earliest, starch potato is
harvested latest out of the three potato types. Seed potatoes are often
harvested already before the start of our (so defined) wet harvesting
period of 20 Aug - 4 Nov. Starch potato seems extremely sensitive to the
wet harvesting period extreme but it should be noted the number of
observations for starch potato is small (2 regions only) and we caution
against drawing too strong conclusions.

An interesting finding is that two other weather extremes analysed
here showed no correlation with occurrence of crop anomalies. The “wet
growing period” extreme was analysed as the reciprocal of the “dry
growing period” extreme. Historically one could say the Great Irish
Famine (Poirteir, 1995) was caused at least partially by a wet growing
period facilitating a major outbreak of the phytoptera disease in potato.
Thus there was good reason to hypothesise a negative impact of this
extreme, in any case for potato. Just as (Troy et al., 2015) indicated a
decoupling of weather extreme and crop extremes due to irrigation, we
speculate that fungicides against phytoptera might have caused a
decoupling of the “wet growing period” extreme and anticipated potato
yield anomalies. Another possible explanation for finding no impact of
the “wet growing period” extreme is that the period over which we have
been calculating it might not have been the most relevant period. We
add further reflection on the definition of this extreme in Section 4.2.2 of
the paper.

In a previous study we reported on impact of the “wet planting
period” extreme impacting on potato yields for farms in the region
Flevoland (van Oort et al., 2012a). In a later study for the whole of the
Netherlands for the sugar beet crop, we found rainfall during the
planting period to be less critical (van Oort et al., 2012b). Fig. S2
(‘Supplementary Material Main’) suggests this “wet planting period”
extreme occurred less often in the period 1994-2020 considered in this
paper and when it occurred the extreme was less severe than in the worst
year of 1983. Possibly the data used in the current study were too sparse
to fish out the effect of this weather extreme on crop yields. Or possibly
more recent developments in terms of drainage facilities and changes in
agricultural machineries may have reduced sensitivity to this extreme,
compared with the year 1983 in which this extreme was shown to have
large impact (van Oort et al., 2012b). More research on both wet ex-
tremes is desirable.

4.2. Uncertainties

4.2.1. Spatial and temporal bias

More weather extremes than those considered here have been
defined by (Schaap et al., 2011, 2013) specifically for the Netherlands.
They include extremes that generally occur on finer spatial scale (e.g.
hail storms). Such small scale weather extremes can have a huge impact
at the farm level that is averaged out when aggregating yield data to the
regional level. The scale of the crop data used in this study may have
created a bias towards more easily identifying impact of large scale
weather extremes. It would be interesting to do further research those



P.A.J. van Oort et al.

finer scale extremes at the farm or field scale. A wry conclusion of the
work by (van Oort et al., 2012a) was that, as we are moving into an
increasingly digitised age, less and less farm scale data are available.
Farm scale data are available on platforms like FarmMaps (Kempenaar
et al., 2021) but for legitimate reasons of privacy protection, such data
are not always accessible to researchers.

Two large scale weather extremes were found to occur in recent 27
years and were shown to have a big impact on crop yields. 27 years is a
short period for climate research and probably too short for research on
weather extremes. Should we have conducted this same research 4 years
ago, before the extreme drought of 2018, we might have come to the
wrong conclusion that drought has limited impact. One cannot tell
which other extremes will surface in years to come. This is an obvious
limitation of the empirical approach presented here and could be an
argument for more crop growth model-based explorations using weather
data based on climate change scenarios. Accurate farm management
data are essential for obtaining realistic outcomes from such model-
based simulations of impact of extremes. Because as we have shown,
impact of extremes is strongly moderated by farm management (such as
irrigation and fungicides) in countries such as the Netherlands where all
cropland is intensively managed.

4.2.2. Unexplained crop yield extremes

Alarge fraction (70%) of extreme crop yield anomalies for the arable
crops could be explained from two weather extremes. Table S4 in the
‘Supporting Material Main’ lists the remaining 28 (30%) of cases of
arable crop yield anomalies where the weather was “normal” i.e. none of
our 4 weather extremes occurred. Having narrowed down these unex-
plained 30% of cases can guide further research. We found great di-
versity in year x region combinations with unexplained crop yield
anomalies, which makes it difficult to fish out other weather extremes
possibly overlooked in the current study. The most prominently recur-
ring year is the year 2016, with extremely low yields for a number of
crops in provinces Limburg, Noord-Brabant and Gelderland (7 out of
total 28 unexplained yield anomalies). A quantitative analysis of rainfall
data (not shown) suggests in two of these provinces (Limburg, Noord-
Brabant) June 2016 was extremely wet, worse than in any of the other
provinces and worse than in other years. We thus hypothesise a shorter
intensively wet period during the growing period can cause severe crop
yield loss. This hypothesis requires further quantitative refinement,
following similar approaches as used in (van Oort et al., 2012a). For
example, does a single extreme wet day already cause great damage? A
wet week? Four wet weeks? And does it matter during which growth
stage the extreme occurs? A solid scientific approach should also seek to
falsify hypotheses. For example are there also region x year combina-
tions with an extremely wet June without yield anomalies?

Thus the combination of agronomic knowledge and the listing of
“unexplained” crop yield extremes provides new directions for further
research. A combination of agronomic knowledge, sufficient data and
statistical methods is necessary for developing new definitions of high
impact weather extremes, i.e. weather extremes that cause large yield
anomalies.

4.3. Future societal demand for water and adaptation options

The problem with a wet end of season (1998) is much less manage-
able than that of a dry growing period (2018). The problem with a large
scale wet end of season (1998) is that if there is water everywhere, i.e. all
the drainage canals and lakes are filled to the rim, then at a certain stage
pumping away of excess water becomes simply impossible. Drought in
that sense seems more manageable, one can irrigate. The comparison of
drought impact without irrigation (Zeeland) and with irrigation (Noord-
Holland) suggests that, should irrigation become more restricted in the
future, drought impact would also become much more severe than now.
Irrigation increased dramatically in the recent years in the Netherlands
and is already quite costly (Asseldonk et al., 2020; Meer, 2021; Stokkers
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et al., 2022). Irrigation costs might further increase with rising energy
prices or if water demand by other sectors in society increases. Mean-
while, in the longer run towards 2100 and beyond, rising sea levels due
to climate change make pumping of sweet water out of polders into the
sea increasingly expensive. A commonly contemplated resolution would
be to have more natural reservoirs (i.e. inundated natural areas) that can
also be used as a water buffer both in wet and in dry years (Prinsen et al.,
2015). Conversion of agricultural land into such natural areas would, for
the remaining farmers, improve their resilience to weather extremes. No
farmer will happily sacrifice his/her land. Allocating existing agricul-
tural area for nature and inundation is highly contentious in Dutch so-
ciety and even more so among farmers. The future with regards to
political decision making in this domain is highly uncertain.

Somewhat closer to the farmer are decisions at the water board level,
especially those regarding groundwater level, which is controlled
through a dense network of water control systems. There is always a
tension between maintaining high groundwater levels which may act as
a reservoir in case of dry summers and maintaining low groundwater
levels for sake of trafficability and adverse effects of wet extremes for
agriculture and society. Finding an optimum here in the face of year to
year weather variability and hard to detect long term trends is difficult
and subject of continuous debate within waterboards.

Farmers may have a number of adaptation options at hand to
improve their resilience. These include increasing the efficiency of
irrigation, improving soil quality for water infiltration and retention,
and selecting crops and varieties for drought tolerance and rooting (e.g.
De Boer et al., 2018, 2020; Deru et al., 2014, 2018; Hoekstra et al.,
2018). Such adaption options have shown to be effective in case of
moderate drought and wet conditions. To which extent such adaptation
options can also be effective in case of extreme weather remains to be
tested.

5. Conclusions

This paper identifies weather extremes which have in recent 27 years
had a major impact on crop failures in the Netherlands. Impact was
shown to be the combined effect of weather extremes in interaction with
soil and agricultural management. Two large scale extremes dominate,
the 2018 drought which caused severe yields losses in especially onion
and grass and the 1998 wet harvesting period which caused severe
yields losses in all the tuber crops (potato, sugar beet, onion).
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