Dear Editor,

Thank you for taking your time to handle and report on our manuscript. Hereby, we would like to
provide our point-by-point reply to the comments of Anonymous Referee #1 (AR#1) and Anonymous
Referee #2 (AR#2). Finally, we also respond to the remark from the editor.

Original comments are marked by the referee abbreviation ‘AR#1’ or ‘AR#2’, the remark by the editor
by ‘Editor’, our responses by ‘Authors’ and reference to the places where changes have been made in
the track-changes version of the manuscript are marked by ‘Change’. In addition to the changes
following the comments by AR#1, AR#2 and Editor, we have made minor text editions to correct
spelling/grammar or increase readability. All text changes are visible in the track-changes version of
the manuscript. Note that the track-changes file does not mark changes for remade figures. The
figures that have been remade are Fig. 3, 5, 6, 8, Al, A4, A5, A6 and A7.

Response to comments by Anonymous Referee #1
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The paper has a very clear structure and additional division of the assessment
into different scales, making it clear which data and methods are used for
which scale and analysis. The combination of datasets (including not only
meteorological but also hydrological ones) on various scales gives the chance to
assess the drought situation of 2018 for this region in more detail. The results
of the analysis are explained and discussed in detail (which is good in general)
but can lead to difficulties to follow all the information presented and taking
away the key findings. Adding a small subchapter at the end of Section 5 with
parts of the conclusion, where all the results are placed together, would help to
connect the different discussion parts already earlier and leave more space for
an even more concise conclusion. The figures used are nicely selected and
interesting, especially Fig.8 including the groundwater response to precipitation
and Fig.1 and 2 to highlight the streamflow and groundwater regimes, allowing
the reader to get a better understanding of the hydroclimatological
characteristics of the case area.

The structure of the discussion chapter was something we discussed
extensively during the writing process, in particular the discussion related to
drought propagation. Currently the discussion regarding 2018 drought
propagation is embedded in Sect. 5.2. Following the suggestion, we considered
adding a new subsection at the end of Section 5 bringing together the key
results in the context of drought propagation by moving parts of the content
from the conclusion and Sect. 5.2. However, we find the original structure of
the discussion the better option, in which the drought propagation becomes a
natural part of the discussion of the hydrological aspect of the drought.

No change in manuscript.

The introduction is giving an overview of the general drought situation and
impacts for this region, elaborating on the study area and setting the stage for
the study by recapping the general definition of drought, drought studies and
their difficulties in regards to appropriate data selection and use. Further, a
section on the large scale atmospheric drivers is giving, which is part of the
later assessment. An additional elaboration on the other methods included and
the reasoning behind using them would help prepare the reader for the
following analysis and results and would strengthen the introduction and
emphasising why this paper is special in its own way and closing current
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research gaps. Adding more information on this and mentioning more similar
studies might also help setting the scene for a deeper discussion later on.

We agree on including a more complete presentation of the methods applied,
including their motivation as well as potential similar studies not already
mentioned in the introduction. We have embedded this in our revised version.
Page 4: line 21-34.

The analysis is focused on the extremeness of the months May-August 2018, as
mentioned in the abstract and introduction, highlighting the situation on
conditions for northern European countries in that period. Despite stating the
aim of the study clearly in the introduction, the title can lead to a slight
misunderstanding. Nevertheless, having done such an extensive analysis of
various aspects of the hydrological cycle for the whole year (as given by the
information in the supplement), | personally think including some more lines on
the results and observation in early spring until the end of the year, besides the
extreme events observation in the period of May-August 2018, would create an
even better base to start a wholesome discussion. Especially, as the findings are
currently discussed within the light of the whole annual cycle (Sec.5.2) and it is
mentioned that antecedent water storage (initial conditions) play an important
role in the occurrence, timing and development of hydrological droughts and
drought propagation. Extending the results and discussion to months where
drought characteristics were also observed in April and autumn months (e.g.
Fig A6 (SPI3), A7 (SPEI3), A9 and Fig.8 (groundwater ranks and groundwater
response to precipitation)), could help to create an even better understanding
of the drought situation of 2018. This in the end might help to create an even
stronger discussion and to put the work into more context by being able to
connect it to other drought studies of 2018 throughout Europe, bringing
together other strains of research and closing the picture of the drought 2018.
We agree that it is a good idea to include some more lines about the early
spring until the end of the year, and we have done this in our revised version.
We find your comment to extend the discussion beyond May-August 2018,
valuable in that potential future studies on the 2018 drought can more easily
connect it to our paper if accepted.

Page 11: line 10-11, 22-23, 29-31. Page 12: line 25-27, 34-35. Page 13: line 1-2,
5-7,12-19, 30-31. Page 16: line 27. Page 17: line 30-31. Page 18: line 19-22, 35.
Page 19: line 1-2.

Table 1: adding an additional column for the observed impact category (e.g.
agriculture, energy sector, etc.) would make table even more complete and
could reduce effort to write all examples out in text

We agree it is a good idea to include the impact category in Table 1, and we
have done so in our revised version following the EDII categorisation provided
in Stahl et al. (2016; do0i:10.5194/nhess-16-801-2016). We also changed parts of
the set-up of the table (mainly the order of the columns) to make it more easily
readable. In the discussion format of the paper, the table is larger than one
page, however, in the two-column format, it fits nicely into one page (see snap
shot at the end of this document). If the former is a problem, we can optionally
move the URLs to another location, e.g. by making a list of URLs after the
reference list. We could not find any house rules related to handling URLs, so if
we are to change the format of the table and potentially move the URLs,
specific guidelines on how this is preferably done, are appreciated.

Table 1 on page 27.
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p5 line21: 3 stations within mountain regimes mentioned which were highly
influenced by glaciers, were they treated differently in the analysis or just
included in the average?

We are not sure which average is referred to here, but the regimes highly
influenced by glaciers were not treated differently from the other regimes in
the analysis. Accordingly, the stations are included in the total percentages of
stations affected and in the EOF analysis in the same way as the other stations
(also reflecting widely different regimes).

No change in manuscript.

p5 line34: has instead of have (twice)
This has been corrected.
Page 6: line 25.

Data and methods section in general: focus on historical analysis: In regards to
human influence there was a careful selection of near natural groundwater
wells but to what extend was climate change reconsidered in the analysis and
the trend that might have been included automatically in the datasets used?
Climate change was not considered explicitly in the analysis of the 2018
drought, and accordingly, potential trends in both the average and extreme
conditions are automatically included. The main purpose of the ranking maps
was to investigate the extremeness of individual months in 2018 as compared
to the historical record. On the other hand, the purpose of the EOF analysis was
to detect main patterns in summer streamflow variability, and linear
detrending of the JJA streamflow time series was conducted prior to the EOF
calculation (ref. p9, line 27-28).

No change in manuscript.

Results and discussion section in general: also include beginning and end of the
year results next to extremeness of summer months if mentioned later on in
discussion (for example HGT500 from April might already indicate how
situation in May could look like)

We agree, and interpret this comment as being related to comment 1.3 and
1.15.

See reply to 1.3 and 1.15

Fig. 4 and Fig. A3 using the same range for HGT500 values for all months
presented would allow to compare values between months more easily.
Additional question to Fig.4: why aggregate over May-August (as most other
results presented are shown separately per month)?

We did not seek to have the same scale on the HGT500 axes; rather focus on
depicting the relative variability for each month using standard deviation (thus
allowing direct comparison of the variability as such). We made a figure for our
online response to AR#1 showing the same figure as Fig. A3 in the paper,
except that the same range is used for HGT500 values in the right panel.
Accordingly, the time series shifts its location (up or down) along the HGT500
axis. We do not see any advantage of presenting the results in this way, and
prefer to keep the figure as it is. Nevertheless, we will add a remark that the
range is different, to ease the interpretation for the reader. Figure 4 is provided
to emphasise the extreme overall large-scale atmospheric situation in the
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period May-August. Combined with separate monthly plots in the Appendix
(Fig. A3), we think this provides an informative overview for the reader.

Page 41, added sentence in the Fig. A3 caption: “Note the different ranges of
the y-axes.”

General comment on ranking system: nice to highlight extremes (as it is one of
the goals mentioned in the introduction) but additional information and figures
on mean historical temp vs 2018 temp would help to put this into place in
regards to absolute values, also helps to understand precipitation observations
as not that many low extremes were recognised but in SPI3 drought is indicated
We agree that this is interesting additional information. We have made
anomaly maps for each month in 2018 of temperature and precipitation and
added these to the supplement.

Supplement Figure S1 and S2. Referred to in the main text on: Page 12: line 10,
29. Page 18: line 12, 20.

Figl0: what was the reasoning to switch to months June-August for this
analysis, compared to the other results that have been heavily focused on
period May-August?

The main reason to use June-August instead of May-August in the composite
maps (Fig. 10), was to use the same period as used for the EOF analysis of
streamflow that the composites are based on. The main reason for using June-
August instead of May-August in the EOF analysis was to avoid the effect of
high flow in May caused by snowmelt. Furthermore, EOF analysis and
composite maps are traditionally done on a three-month seasonal basis,
making the results more easily comparable to other studies. We have made the
reasoning behind the choice of June-August more clear in the text in our
revised version.

Page 10: line 31-33. Page 11: line 1. We have added two sentences: “The June-
August period was chosen for the EOF analysis (rather than May-August, which
is in focus in Sect. 3.1-3.3) to avoid the effect of high flow in May caused by
snowmelt. Furthermore, EOF analysis and composite maps are traditionally
done on a three-month seasonal basis, making the results more easily
comparable to other studies.”

Discussion, section about annual hydrological cycle: more information and
figures about initial conditions (e.g. snowfall) in supplement (e.g. annual
averaged timeseries and 2018 situation, similar to Fig.1 and 2) and citations
would support and help to follow the explanation of the specific observations
and putting them into more context (some good starting information was
already given in introduction about the hydroclimatological characteristics,
streamflow and groundwater regimes)

Observed annual average time series plotted along with the 2018 time series
for each streamflow and groundwater station, were made as part of the initial
analysis, but not included in the paper itself due to the article already being
relatively long. We agree that they can help support the interpretation and
discussion. We have now made figures of standardised monthly average
streamflow and groundwater levels in 2018 vs multiyear monthly statistics for
each station separately, and added them to the supplement. We will not
include data of initial conditions, such as snow and soil moisture for each
catchment, as this would require using modelled data.
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Supplement Figure S3—S5 (streamflow) and Figure S6—7 (groundwater).
Referred to in the main text on: Page 6: line 11. Page 7: line 3. Page 13: line 27,
33. Page 14: line 1. Page 17: line 23, 28. Page 18, line 15, 31.

p1l6 line2: citations or other examples to underline this assumption?

We removed the part of the sentence where we speculate about the role of
persistent groundwater contribution, to connect the sentence directly to the
argument of the previous sentence.

The text now reads (page 18: line 4-8): “A southeastern-northwestern gradient
in extreme temperature (and SPEI3) this month, however, reflects the spatial
pattern of extremely low streamflow in Denmark, indicating that higher than
usual evapotranspiration rates likely contributed to extreme conditions in the
southeast. Correspondingly, less extreme evapotranspiration in the west and
north might have prevented streamflow drought to develop there.”

p16 linel4-16: could you elaborate a bit more (e.g. references to figures where
this is observed). If | look at Fig A9, A8, A7 for example | see overlapping areas
and stations with indicate drought occurrence?

We agree that there are overlapping areas and stations which indicate drought
occurrence. Our point about the high local variability was that several wells
have no rank 1-6 at locations where other wells have rank 1-6. We have
clarified what we mean in the text.

The sentence now reads (page 18: line 26-28): “The high spatial variability in
hydrogeological properties across the Nordic region is mirrored in the diversity
in groundwater response to meteorological conditions, as reflected in a high
local variability for groundwater drought (rank between 1 and 6) even for
closely located wells.”

pl6 line24: would you say this is already the effect of drought propagation one
can observe (with the ongoing dry conditions until the end of the year (e.g.
seen in SPEI3 results)?

We interpret your question as to whether the below normal groundwater levels
at end 2018 /start 2019 are a response to the summer 2018 event or caused by
dry conditions following the below normal rainfall September-November 2018.
It is probably a combined effect of the two. Following the inclusion of the
situation in the spring and autumn (ref. third comment), we will embed an
assessment of both the streamflow and groundwater conditions related in the
revised version.

Page 18: line 19-22, 35. Page 19: 1-2.

p17 line8-9: maybe include this reference already in introduction to set the
stage for the discussion

We were unable to find a natural place for these references in the introduction
without adding a new paragraph related to assessments of historical drought
events in Europe. We prefer to not increase the size of the (in our opinion)
already long introduction in order to include these references there.

No change in manuscript.

p 17 line25, spelling error: wells instead of well.
This has been corrected.
Page 20: line 9.
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Appendix: A1 mountain regime: why not include December as winter month for
classification criteria for streamflow regime?

The reason is that none of the stations have minimum or a second minimum
flow in December (the same is true for November). We will add a note about
this in Appendix Al. November/December is typically the beginning of the
winter season, and lowest flow for stations with winter low flow regime
typically occurs towards the end of the winter season (most winter low flow
regime stations have minimum flow in February and March).

Page 37: line 13-14. Added the sentence: “November and December were not
included in the low flow season because none of the streamflow stations had
the minimum or second minimum flow in these months.”

Al line7: missing point after class
This has been corrected.
Page 37: line 7.

Response to comments by Anonymous Referee #2

2.1 AR#2
Authors
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2.2 AR#2

Authors

Change

2.3 AR#2
Authors
Change

2.4 AR#2

P4L24: Do the temperature data here refer to 2 m temperature?

The E-OBS temperature data is interpolated station data of air temperature.
We asked this question to the E-OBS project team. They answered that
temperature is not always measured at 2 meters by all data providers, they do
not know the exact measuring height for all data providers, and they do not
correct measurements to have a ‘standard’ height.

No change in manuscript.

P4L31-32: | am wondering why do the authors use 2 different spatial scales for
analyses in section 3.1 and 3.2 (0.25°), and 3.3 (0.1°)? Why do not simply use a
spatial resolution of 0.1°?

We agree that this is confusing, and in the revised version of the manuscript we
use the resolution of 0.1 for all analysis and figures using the E-OBS dataset.
Since the E-OBS dataset has been updated after we made the figures used in
the original manuscript, we have used the newest available version (v21.0e)
when remaking the figures. The percentages of grid cells with SPI3 and SPEI3 <-
1.5 are updated according to the new dataset.

Figure 5 (page 31), 6 (page 32), 8 (page 34), A4 (page 42), A5 (page 43), A6
(page 44) and A7 (page 45) are remade, and Figure S1 and S2 in the supplement
are made, using the E-OBS dataset v21.0e at 0.1deg resolution. Data
description changed on page 5: line 16-18. Percentages changed on page 13:
line 8, 21-22.

P8L15: The authors may write: three-month.
This has been corrected.
Page 9: line 13, 25. Page 28: two times in Table 2.

P8L27-29: Here, | am also wondering why do the authors use SPI-3 (SPEI-3)
distributions derived from the data year 1971 to 2000 to calculate SPI-3 (SPEI-3)
in the year 2018? Why do not use the distribution derived from 1971 to present
data? By only using data from 1971 to 2000 (20 years ago), the drought 2018
might be too extreme because the authors excluded extreme drought years e.g.
2003, 2006-2008, and 2015. This has implications in the distributions that the
authors used. Moreover, the average temperature >20 years ago was lower
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than the average temperature in the past 20 years (2000-2020). In Europe, we
also use drought years 1976 and 2003 as a benchmark for extreme drought
years. 2018 was comparable to those years in terms of drought severity. This
guestion applies to other reference data (e.g. section 3.1, from 1981 to 2000).
We agree that the extremeness of the anomaly plots as well as SPI3 and SPEI3
can be sensitive to the choice of reference period. The reason we use a 30-year
period of reference (ref. WMO guidelines) and not the period 1971 to 2018 is to
allow for easier comparison with other studies (e.g. lonita et al., 2017;
doi:10.5194/hess-21-1397-2017). Even though a 30-year period of reference
might be subject to choice, it is more consistent than using a longer period up
to the year of interest. A key focus of our study was to use the ranking maps to
investigate the historical extremeness compared to other extreme years during
the whole 60-year period. The main purpose of including the SPI and SPEI
figures was to map the dynamic (in space and time) of the meteorological
drought. Following the reviewer’s remark, we calculated the SPI and SPEI using
the whole period (1959-2018) as reference (figures in our online response to
AR#2), and found similar spatial patterns in the drought evolution throughout
2018 (ref. monthly plots). Accordingly, we prefer to keep the 30-year period of
reference (i.e. 1971-2000).

The SST reference period (originally 1981-2000) was the closest we could get
1971 to 2000 due to shortage of data. However, we agree that it is beneficial to
use the same period of reference for all analysis. We have chosen to use the
monthly SST data from the Hadley Centre (HadISST) for the SST anomaly
calculations. The HadISST dataset has a coarser spatial resolution, but we were
able to use the reference period 1971-2000. We have remade the SST figures
using the HadISST data and 1971-2000 as reference period.

Figure 3 (page 29) and Figure Al (page 39) are remade using the HadISST
dataset and the ref. period 1971-2000. Reference period changed on page 7:
line 2, page 11: line 9, page 28 (in Table 2), page 29 (in figure caption), page 39
(in figure caption). Results changed on page 1: line 7, page 11: line 16. Data
description changed on page 5: line 12-14, page 22: line 1-2.

PI9L4-6: | am wondering why do the authors use absolute values to determine
the SPI classes? Figure 6 also shows the SPI/SPEI index values from -3 to +3.

If we understand your comment correctly, the confusion may arise from
displaying absolute values rather than the wet and dry ranges. We separate
between negative and positive values in the study, and have clarified this in the
revised version.

Page 10: line 1-6.

P10L3: The authors may write as Figure 3a-d.
We have included this in the revised version.
Page 11: line 9

P10L11: The authors may write as Figure 3e-h.
We have included this in the revised version.
Page 11: line 19.

P12L30: Please write the Figure number after the sentence thus the reader can
follow the description easily. Here is Figure 9a.



2.9

2.10

2.11

2.12

2.13

Editor’s remark

3.1

Authors
Change
AR#2

Authors
Change
AR#2

Authors
Change

AR#2
Authors

Change

AR#2

Authors

Change

AR#2

Authors

Change

Editor

Authors

We have included the figure numbers in the revised version. We also added
reference to Figure 9d, 9e and 9f where appropriate.
Page 14: line 24, 26, 29, 32.

P12L33: The authors may write Figure 9b after the sentence.
We have included this in the revised version.
Page 14: line 27.

P13L2: The authors may write Figure 9c after the sentence.
We have included this in the revised version.
Page 14: line 30.

P14L20: Typo “than 3 std, respectively 2 std”

We are not sure what typo it is referred to. We see that ‘std’ jumped to the
next line, and have now forced it to be on the same line as the values.

Page 16: line 17.

P24: Table 1: The author may write last accessed before the date. E.g. (last
accessed

24.03.20).

“URL (last access)” is written in the column heading to indicate that the date in
parenthesis is the last access date. To make the table more clear, and adding
impact category after comment 1.4, the structure of the table has been
changed. We have also changed from “last access” to “last accessed”.

Table 1, page 27.

P25: Back to my question about the reference data, here in Table 2, the authors
indicate that they have temperature, precipitation, Geopotential height at
500MB data up to the year 2018.

Yes, Table 2 shows the data used for the different indices. Currently the
reference period 1971-2000 is kept (ref. answer to comment 2.4). We have
updated the table following the change in reference period for the SST anomaly
calculation (ref. answer to comment 2.4).

Period of reference for SST anomalies changed in Table 2 (page 28).

Concerning the remark of one of the authors on other studies on the 2018
drought the following: our group also has a manuscript in discussion
(https://hess.copernicus.org/preprints/hess-2020-358/, feel free to comment),
and there will be a special issue in Phil. Trans. R. Soc. B, see:
https://royalsocietypublishing.org/rstb/forthcoming-issues. If it comes out soon
it might be useful to you in the revision.

We thank the editor for good suggestions of 2018 papers, related to comment
1.3. The first suggestion concerns an interesting study of the 2018 drought’s
effects on root water uptake and a quantification of the critical moisture
content in the Netherlands. We included this reference in the paragraph
concerning energy-limited vs water-limited regions. The other suggestion is the
now available special issue about the 2018 drought/heatwave impacts
(https://royalsocietypublishing.org/toc/rstb/375/1810). Our impression is that
the main focus is on the impact on terrestrial ecosystems (including crops). As



we already have examples of those impacts in the introduction, we choose to

not include them in the revised version.

Change Page 17: line 3.

2 S. J. Bakke et al.: The 2018 northern European hydrological drought and its drivers in a historical perspective

Table 1. Reports and news articles about 2018 heat and drought related impacts. The impact categories follow the EDII Impact categorisation

(Stahl et al., 2016).

Ref.  Impact category Region Publisher URL (last updated/last accessed)
. https:/fop.europa.ewen/publication-detail/-/publication/
a  Wildfires Europe fE‘“u‘;‘; R:fgg:ﬁg‘:‘:; 435ef008- 14db- 1 lea-8clf-0laa75ed71al/language-en
pe i (29.11.18/24.03.20)
b Agriculture and European ?)f\l;l:]l;hum‘znind Rural https://ec.europa.ew/info/news/drop-eu-cereal-harvest-due-
livestock farming ~ Union P S summer-drought-2018-oct-03_en (31.10.19/24.03.20)
European Commission
. www.reuters.com/article/us-europe-grains-analyst/analysts-
Agriculture and European R . .
c livestock farming  Union Reuters .Cut—eu—whealfcrop—oullook—agmn—on—cataslrophlc—noﬂlr
idUSKBNIKUISE (09.08.18/24.03.20)
Agriculture and www.euronews.com/2018/08/1 0/explained-europe-s-
d livestock farming ~ Europe Euronews devastating-drought-and-the-countries-worst-hit
(mainly) (12.08.18/24.03.20)
. . https:/iwww2. jordbruksverket.se/download/1 8.
¢ Ageulurand g Swedish Board of 21625ee16a I(jhf()cc()eed?()!l555396324560!raI‘Ll 3.pdf
livestock farming Agriculture (16.04.19/24.03.20)
. . . www.landbruksdirektoratet.no/no/statistikk/
Agriculture and i Norwegian Agriculture . . R
f livestock farming Norway Agency lam.ibll'uksersIaln|np’kl1ma.relalenef5kader—0g—tap!av]mg.\swkb
’ statistikk (02.09.19/24.03.20)
Energy and Norway, Norwegian Water
g industry Sweden, Resources and Energy www.nve.no/Media/7385/q3_2018.pdf (17.10.18/24.03.20)
’ Finland Directorate
h Energy and Norway newsinenglish.no www.newsinenglish.no/2018/07/13/drought-blamed-for-high-
industry 4 S o electricity-rates/ (13.07.18/24.03.20)
www.handelsblatt.com/today/companies/low-water-
. Waterborne i i dwindling-rhine-paralyzes-shipping-transport/23695020.htm1?
! transportation Germany  Handelsblatt Today tickel=ST 3121873 yvfwqilee3yWiy3BK 1Zv-apd
(27.11.18/24.03.20)
www.reuters.com/article/us-europe-weather-hungary-
j Waterborne Hungary Reuters shipping/water-levels-in-danube-recede-to-record-lows-
transportation y i hindering-shipping-in-hungary-idUSKCNIL7 1DH
(22.08.18/24.03.20)
www.dw.com/en/hot-weather-exposes-world-war-ii-
k - Germany  Deutsche Welle munitions-in- gennan—walers!afﬁrggzdf‘?.ig (02.08.18/24.03.20)
Czech www.businessinsider.com/sinister-hunger-stones-dire-
1 - Republic Business Insider warnings-surfaced-europe-2018-87r=US&IR=T
(27.08.18/24.03.20)
Freshwater www.adressa.no/nyheter/trondelag/2018/07/28/Gaula-stengt-
m ecosystems Norway Adresseavisen for-fiske-pa-grunn-av-varmen- 17208221 .ece
iy (30.07.18/24.03.20)
Public water www.thelocal. se/20190425/sweden-may- be-heading-for-a-
n supply Sweden The Local Sweden new-water-crisis (25.04.19/24.03.20) *

in 2018 compared to the more southerly located extreme
drought in 2003 (Buras et al., 2020). Already in June, the wa-
ter volumes in Nordic hydropower reservoirs dropped well
below normal, which together with high fuel prices caused
s the July—August power rates to be the highest in 20 years
(Table 1.g,h). Record low river levels disrupted main inland
waterways in central Europe, forcing transportation ships to
reduce their loads by up to 85 % (Table 1.i.j). Low water
levels in the river Elbe exposed World War 2 munitions (Ta-
10 ble 1.k) and so-called hunger stones with centuries old low

water level marks along with dire warnings (Table 1,1). Ex-
tremely low streamflow and high river temperatures led to
fishing bans in major salmon fishing rivers in Norway (Ta-
ble 1.m). Low groundwater tables led Swedish municipalities
to ban residents from using water from the municipal net-
work for anything other than drinking (Table 1,n). The high
costs and wide range of impacts associated with the 2018
drought, emphasise the need to improve the understanding
of such extreme, high impact events affecting large regions

@

Table 1 in HESS two-column format.
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Abstract. In 2018, large parts of northern Europe were affected by an extreme drought. A better understanding of the character-
istics and the large-scale atmospheric circulation driving such events is of high importance to enhance drought forecasting and
mitigation. This paper examines the historical extremeness of the May—August 2018 meteorological situation and the accompa-
nying meteorological and hydrological (streamflow and groundwater) drought. Further, it investigates the relationship between
the large-scale atmospheric circulation and summer streamflow in the Nordic region. In May and July 2018, record-breaking
temperatures were observed in large parts of northern Europe associated with blocking systems centred over Fennoscandia and
sea surface temperature anomalies of more than 3- °C in the Baltic SeatMay;July)-and-the Barents-Sea-(July). Extreme meteoro-
logical drought, as indicated by the three-month standard precipitation index (SPI3) and precipitation-evapotranspiration index
(SPEI3), was observed in May ;-and covered large parts of northern Europe by July. Streamflow drought in the Nordic region
started to develop in June, and in July 68 % of the stations had record-low or near-record-low streamflow. Extreme stream-
flow conditions persisted in the southeastern part of the region throughout 2018. Many groundwater wells had record-low or
near-record-low levels in July and August. However, extremeness in groundwater levels and (to a lesser degree) streamflow
show-showed a diverse spatial pattern. This points to the role of local terrestrial processes in controlling the hydrological
response to meteorological conditions;-inelading-aquiferproperties. Composite analysis of low summer streamflow and 500
mb geopotential height anomalies revealed a-distinetion-between-two distinct patterns of summer streamflow variability; one
in western/northern Norway and one in the rest of the region. Low summer streamflow in western/northern Norway is-was
related to high-pressure systems centred over the Norwegian Sea. In the rest of the Nordic region, low summer streamflow
is-was associated with a high-pressure system over the North Sea and a low-pressure system over Greenland and Russiaat
simtar-latitudes, resembling the pattern of 2018. This study provides new insight into different-hydro-meteorological aspects
of the 2018 northern European drought, as-weH-as-tdentification-of-and identifies large-scale atmospheric circulation patterns

associated with summer streamflow drought in the Nordic region.

1 Introduction

From May and throughout the summer of 2018, the northern and parts of central Europe experienced drought and record-

breaking and persistent high temperatureslead >ts-, leading to severe impacts across a range of
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sectors (Table 1). Drought is a complex phenomenon characterised by below average natural water availability ;-and-unlike
affecting all components of the hydrological cycle. Unlike most other natural hazards, it is a "creeping phenomenon" with a
wide range of economic, societal, and environmental impacts gradually accumulating over time and space (Stahl et al., 2016;
Mishra and Singh, 2010; Tallaksen and Van Lanen, 2004).

In 2018, wild fires destroyed vast areas in northern and central Europe. Sweden was especially impacted, with reeerd
breaking-record-breaking 24,310 ha (835 % of average) of burnt area (Table 1,a). The drought also led to significant drop
in EU cereal production, whereas beef production grew more than expected due to increased slaughter following fodder short-
age (Table 1,b). In Scandinavia and Germany, wheat and barley yields were described as catastrophically low (Table 1,c—f).
Ecosystems in northern Europe are less adapted to extremely dry conditions than-as compared to other European regions, and
direct negative impacts on terrestrial ecosystems productivity were both significantly stronger and and-more widespread in
2018 compared to the more southerly eentred-located extreme drought in 2003 (Buras et al., 2020). Already in June, the water
volumes in Nordic reserveirsfor-hydropewerhydropower reservoirs dropped well below normal, and-which together with high
fuel prices it-caused the July—August power rates to be the highest in 20 years (Table 1,g,h). Record low river levels disrupted
main inland waterways in central Europe, forcing transportation ships to reduce their loads by up to 85 % (Table 1,i,j). Low
water levels in the river Elbe exposed World War 2 munitions (Table 1,k) and so-called hunger stones with centuries old low
water level marks along with dire warnings (Table 1,1). Extremely low streamflow and high river temperatures led to fishing
bans in major salmon fishing rivers in Norway (Table 1,m). Low groundwater tables led Swedish municipalities to ban resi-
dents from using water from the municipal network for anything other than drinking (Table 1,n). The high costs and wide range
of impacts associated with the 2018 drought, emphasise the need to improve the understanding of such extreme, high impact
events affecting large regions in Europe. The latter requires transnational data and international collaboration for an-in-depth

To understand how the severity and timing of impacts vary among and within drought affected areas, it is important to
distinguish between different stages of drought development. Typically, three types of drought are distinguished, reflecting
the propagation of drought through the hydrological cycle; meteorological, soil moisture and hydrological (streamflow and
groundwater) drought (Tallaksen and Van Lanen, 2004). Meteorological drought refers to a precipitation deficit often combined
with abnormal high (potential) evapotranspiration. If a meteorological drought is sustained, it typically causes soil moisture
drought, which mainly eoneern-—soil-moistare-concerns water deficits in the root zone impacting water uptake by vegetation
(Van Loon, 2015). When soil moisture depletes, a positive feedback loop might-may occur due to redueed-a reduction in the
latent heat flux ;-making more-energy-available for(less energy is used for evapotranspiration) and an associated increase in
the sensible heat flux (more energy is used to heat the air), which in turn increases the near-surface temperature (Seneviratne
et al., 2010). Soil moisture drought can further reduce groundwater recharge and water sources that feed streams and rivers.
This may, depending on the catchment characteristics and initial hydrological conditions, lead to groundwater and streamflow
drought (Tallaksen and Van Lanen, 2004). Several studies have demonstrated how meteorological and hydrological droughts
develop differently in space and time (e.g. Barker et al., 2016; Kumar et al., 2016; Haslinger et al., 2014; Vidal et al., 2010;
Tallaksen et al., 2009; Peters et al., 2003; Changnon, 1987). The delay between a meteorological and a hydrological drought
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may amount to several months, with groundwater typically being the last to react and the last to recover (Hisdal and Tallaksen,

2000). The concept drought, when-used-without-speeificationunless specified, refers broadly to the multifaceted phenomenon
that includes all three types of drought, along with their different-developmentand-natarespecific characteristics.

Many large-scale studies on drought focus on the meteorological aspect, such as anomalies in precipitation or climatic water
balance (i.e. precipitation minus potential evapotranspiration), as this is based on data often easily at hand (e.g. Ionita et al.,
2017; Stagge et al., 2017; Vicente-Serrano et al., 2014; Bordi et al., 2009). As opposed to meteorological data, transboundary
near-real-time observations of hydrological variables is-are generally lacking, making timely observation-based, large-scale
soil moisture, streamflow or groundwater drought assessments challenging (Liu et al., 2018; Laaha et al., 2016; Hannah et al.,
2011). Long-term observational soil moisture data is sparse except for satellite based estimates that-only-cevercovering only a
few centimetres depth (Hirschi et al., 2014; Kerr, 2007), which is too shallow to include the root zones of main vegetation types
(e.g. Yang et al., 2016; Schenk and Jackson, 2002). Bata-efupdated-Updated streamflow and groundwater level ustatty-needs
observations usually need to be collected in a country-by-country based manner, which is time-consuming as well as challeng-
ing due to differences in agency structure, data quality requirements, availability of physiographic properties and information
of-on human influence. Despite these challenges, research on large-scale droughts cannot rely solely on meteorological data
(Van Lanen et al., 2016). Drought assessments using hydrological data are needed to investigate the drought footprint on water
resources, which is of high importance for hydropower, navigation, water use sectors and freshwater ecosystems among others
(Laaha et al., 2016; Stahl et al., 2016).

Ameng-the-natural-drivers-of-drought-are-A key natural driver of drought is persistent high-pressure systems leading to pro-
longed periods of low precipitation and/or high evapotranspiration (Tallaksen and Van Lanen, 2004). To inerease-ourknowledge

of-how-drought-charaeteristies-might-change-in-the-futureimprove drought forecasts and projections, we therefore need a bet-
ter understanding of the relation between the different types of drought and their large-scale atmospheric and oceanographic
drivers. Stationary Rossby waves have been found to play an important role in the development of summer patterns of monthly
surface temperature and precipitation variability across northern Eurasia, and appear to have led to the extreme heat wave and
drought in 2003 and 2010 (Schubert et al., 2014, 2011). Kingston et al. (2015) found that the most widespread and long-duration
meteorological droughts in Europe fall into two categories; northern European droughts with onset associated with an Atlantic
meridional-dipete-meridional-dipole atmospheric circulation anomaly similar to the North Atlantic Oscillation (NAO), and
droughts elsewhere in Europe associated with anomalies related to a northeastward expansion of the Azores highresembling
. resembling an eastern Atlantic/western Russia (EA/WR) atmospheric circulation patteraspattern. Fleig et al. (2011) investi-
gated the relation between various circulation types and streamflow drought in Denmark and Great Britain;-and-,. They found
that hydrological droughts were-are most frequently linked to circulation types representing a high-pressure system over the
region affected by drought, which promote hydrological drought development by advection of warm dry air. In addition to
stationary high and low-pressure systems, sea surface temperatures associated with large-scale climate modes of variability are
alse-have also been found to be important drivers for dryness and wetness variability over Europe (Ionita et al., 2015, 2012).
In a study of streamflow drought in Great Britain, Kingston et al. (2013) found statistically significant SST and atmospheric
anomalies linked to drought onset. The study-emphasises-authors emphasise the shortcomings in the ability of circulation
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indices (e-g—such as NAO) to capture fully the atmospheric variation preceding drought onsets, and highlights the value of
composite analysis in developing an improved understanding of ocean-atmosphere-drought connections.

The 2018 event was unique in its-the northern location of the high-pressure system initiating the drought, as compared
to other major European drought events in the last decades (Ionita et al., 2017; Stahl, 2001). The affected Nordic region
(Norway, Denmark, Sweden and Finland) exhibits a high heterogeneity in terrestrial and hydroclimatological characteristics.
Despite its rather limited size, the region spans several latitudes and has a pronounced west-east gradient in climate and
topography, ranging from high mountains in the west to low-lying regions in the south and east. Prevailing westerly winds
run northeastwards from the Atlantic, bringing abundant rainfall in-the-western-part—Orographic-effect-causes-along the west.
Orographic effects lead to large local variability in precipitation in the meuntainous-areaswestern part of the region. Denmark,
southern Sweden, and western coast of Norway have a maritime climate, in contrast to the more continental climate in eastern
Norway, Sweden and Finland. The landscape is largely affected by last glaciations, with typical landforms such as U-shaped
valleys, fjords, and lakesand-, as well as a large spatial heterogeneity in glacial deposits. Land cover varies from vast areas of
bare rock and shallow deposits in the west and north, to undulating inland areas characterised by numerous lakes, forests and
wetlands, and to areas in the south with thick soils and large aquifers (e.g. S¢émme, 1960). Combined with the important effect
of seasonal snow on hydrology, varying with latitude and altitude, excluding the very south, the result is a high diversity in
hydroclimatological conditions.

In depth analyses of historical drought events, what triggers them and how they manifest themselves in the hydrological
cycle, enables-enable us to increase our understanding of this complex phenomenon, which is vital to enhance drought fore-
casting, projection and mitigation. Motivated by these considerations, this paper focuses on eharaeterizing-characterising the

2018 drought in northern Europe in detail-inclading-exploring-atmosphere-drought-conneetions—The-ainr-a historical context.

Traditionally, anomaly maps (in absolute or relative terms) have been used to characterise the meteorological situation of
past European events and their spatiotemporal development. Recent examples include events such as the major European
drought in 2003 (Black et al.. 2004), 2010 (Barriopedro et al.. 2011) and 2015 (Ionita et al., 2017). Ranking maps are another
way of communicating the extremeness of an event in a long-term perspective, which is simple and easy to communicate

.g. lonita et al., 2017). B
magnitude (e.g. temperature), one can map the rank of a particular event, compared to all other years on record, across a
region of interest. In this study, we embedded both these approaches; i.e.. 2018 anomalies relative to a period of reference
(1971-2000), and ranking maps for the 2018 event based on the 60-year period 1959-2018.

The aim of the study is twofold; 1) to investigate the extremeness of the 2018 situation and the accompanying meteorological

ranking the events selected from a time series (e.g. one value each year) according to their

and hydrological drought in northern Europe, and 2) to identify targe-seale-large-scale atmospheric circulations associated with

below normal summer streamflow in the Nordic region. The latter is investigated using Empirical orthogonal functions (EOFs),
which is a well-known method to detect spatial patterns of variability and how they change with time. In Tonita et al. (2015),
EOFs are used to study the variability in meteorological drought in Europe and its relationship to geopotential height, which is
similar to the approach adopted here for the main patterns of summer streamflow variability.
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The paper is organised as follows: The data and methods are described in Sect. 2 and 3, respectively. In Sect. 4 theresults
shown-and-deseribed-for-the-(Results), the 2018 meteorological situation (Sect. 4.1), meteorological drought (Sect. 4.2) and
hydrological drought (Sect. 4.3) ;-as-wel-as-are presented, and the relation between summer streamflow and large-scale atmo-
spheric circulation investigated (Sect. 4.4). A detailed discussion is provided in Sect. 5, followed by the conclusion in Sect. 6.

2 Data
2.1 Meteorological data

Meteorological data used in this study eemprise-comprises the 500 mb geopotential height (HGT500), the zonal and meridional
wind, sea surface temperature (SST), air temperature and precipitation. Monthly data of HGT500, and zonal and meridional
wind, used to describe the atmospheric circulation, were extracted from the NCEP-NCAR 40-year reanalysis project (Kalnay
etal., 1996). These datasets are available from 1948 to near-present, and have a global coverage on a 2.5° x 2.5° longitude/lati-

tude grid. SST data was extracted from the N

Hadley Centre Sea Ice
and Sea Surface Temperature dataset (HadISST; Rayner et al., 2003), consisting of monthly SST from September198+-January

1805 to near-present on a global scale with a spatial resolution of 8:251° x 6:251° longitude/latitude.
Europe-wide (35.625-71.875° N and -10.875-41.625° E) daily total prec1p1tat10n and da1ly maximum, minimum and mean
air temperature on a o i i i

preeipitation—on—=a-0.1-° 3y regular longitude/latitude
grid, were derived from the E-OBS dataset version 19:021.0e (Cornes et al., 2018). The E-OBS datasets-are-dataset is based

on the European Climate Assessment and Dataset station information (ECA&D), and eensist-consists of daily data from
01.01.1950 until near-present.

2.2 Hydrological data

Hydrological data eensists-of-used includes time series of streamflow and groundwater levels from stations in the Nordic re-
gion. Streamflow measured at a given point reflects the accumulated responses to precipitation over space and time, whereas
groundwater levels represent the lagged response in groundwater over an area varying with local conditions. Streamflow data
stem-stems from gauges in Norway, Sweden, Denmark and Finland. Quality-controlled, daily observational streamflow time
series was-were provided by the Norwegian Water Resources and Energy Directorate (NVE)ferNorway, Danish Environment
Portal for Denmark, Swedish Meteorological and Hydrological Institute (SMHI)fer-Sweden, and Finnish Environmental Insti-
tute (SYKE)ferFinland. All gauges had near-natural catchments, i.e. the-streamflow-is-to-atarge-degree-unaffected-by-human
interventions-limited or no human interventions (such as reservoirs or water abstractions) influencing the streamflow. Only
gauges having less than 10 days with missing values between May—September each year in the 60-year period 01.01.1959—
31.12.2018, were chosen.
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The resulting dataset eonsists-consisted of time series from 79 gauges, with catchment areas ranging from 6.6 km? to 10864

km? (median of 276 kmz) Figure 1 shows the locations of the gauges as well as their-annual-eyeles-and-streamflowregimes-
the streamflow regime at each site, reflecting the typical

streamflow variability over the year, The regime classification was based on Gottschalk et al. (1979) and calculated for the
period 1959-2018 (a detailed description of the classification procedure is provided in Appendix Al). The five regimes refleet

the-typical-streamflow—variability-in-time;-are classified according to whether the streamflow is dominated by 1) winter high

flow and summer low flow, mainly due to high evapotranspiration during summer (Atlantic regime), 2) winter low flow and

spring high flow, due to snow accumulation and snowmelt (Mountain regime), or 3)-5) various combinations of these two

patterns (Baltic, Transition and Inland regime). Three of the stations with a mountain regime (marked with crosses) experience

high flow during late summer due to the-large-presence-of-glaciers-a high percentage (>30 %of-the-catchment)) of glaciers in

their catchments. Standardised monthly streamflow statistics for each station are shown in Fig. S3—S5 in the Supplement.
Observational-Observed time series of near-natural groundwater levels, i.e. data from stations with limited or no human

influence (such as water abstractions), are even less accessible than streamflow data. This includes the necessary metadata
with local site information. As a result, the groundwater analysis was limited to data from stations in Norway and Sweden,
provided by NVE and the Geological Survey of Sweden (SGU), respectively. The time series were quality controlled at the
host institutions, however, a visual inspection was performed to delete potential erroneous outliers. Groundwater level time
series were generally shorter than the streamflow time series, and rather than a 60-year period as used for streamflow, a 30-year
period (1989-2018) was selected as a balance between the number of stations and the record length.

Fhe-In a majority of the groundwater wellshad-, observations were taken on a weekly to monthly temporal-resohition-basis

ARRRKAAAARARRAANRAARSRIARRAA

in most of the periodeevered—InNorwegtan—wells. In Norway, daily or sub-daily measurements started-at-were available
from the beginning of the 21st century. Half of the Swedish wells had daily or sub-daily measurements from 2016 onwards,

whereas the other half had a coarser temporal resolution fer-the-whele-across the whole 30-year period. Only groundwater
stations with at least one monthly measurement durlng Aprll—September over the aﬂa}yﬂ&peméﬁ%al@mwyvvvwgv%zdsai
were selected.
groundwater-Groundwater has in many cases have-a slow response and thus have-valuable-infermation-content-at-the-holds

valuable information at a monthly resolution (e.g. Hisdal and Tallaksen, 2000). Sub-daily measurements were aggregated into

daily averagesmeans, whereas days of missing data were filled by linear interpolation between the two adjacent measurements,
following the method used by the National Hydrological Monitoring Programme in the UK (NHMP, 2017).
The final-resulting groundwater dataset includes data-groundwater level observations from 56 wells. Their locations s-anntat

eyeles-and groundwater regimes are shown in Fig. 2. The-Several of the Swedish wells are closely located, sharing the same
location name, however, representing different depths and soil types. These are plotted as pies of the same point. The number

of wells represented by each site is given in the figure. The groundwater regime classification is
byKirkhusmo-(1988)was based on Kirkhusmo (1988), using data for the period 1989-2018 (a detailed description of the

classification procedure is provided in Appendix A2). Region I is characterised by low groundwater levels in late summer due

to warm season evapotranspiration losses. Region III has a minima in late winter prior to the start of the snowmelt period;
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Figure 1. Locations and streamflow regimes (based on Gottschalk et al., 1979) of the 79 streamflow stations used in the study. The right
panel shows plots of mean monthly standardized-standardised (i.e. subtracted the mean and divided by the standard deviation) hydregraphs
streamflow for each regime (indicated by thin lines) together with the regime mean hydrograph-streamflow (bold line).

whereasRegionHbeing-a-combination-. Region II, being a mix of the two, experiences two minima, one in late winter and one
in late summer. Some of the wells are-were classified as a delayed version of a regime due to slow-responding groundwater

fluctuations. Standardised monthly groundwater level statistics for each well are shown in Fig. S6-S7 in the Supplement.

3 Methods

The variables, indices (including periods used) and spatial coverages used to characterise the 2018 meteorological situation,
meteorological drought and hydrological drought, are summarised in Table 2. Starting-from-From looking at a large spatial
domain, including Europe and its surrounding regionswhen-deseribing-, when describing the main climate drivers, the anal-
ysis gradually "zooms in" on the Nordic regionthat-shows-, which experienced the most extreme meteorological situation in
spring and summer of 2018. Calculations were done for each month in 2018, however, the results mainly focus on the period

3.1 Meteorological Sitaatiensituation

The extremeness of the meteorological situation for each month in-May—August-2048-was analysed using the sea surface
temperature (SST), geopotential height at 500 mb (HGT500), daily maximum surface-air temperate (Tx) and precipitation
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Figure 2. Locations and groundwater regimes (based on Kirkhusmo, 1988) of the 56 groundwater wells used in the study. The number on
each point represents the number of stations at that location. To ease readability, one site with four wells in southwestern Sweden (red point
on the map) is shifted to the left of, and pointing to, its real location. The right panel shows plots of mean monthly standardized-standardised
(i.e. subtracted the mean and divided by the standard deviation) hydrographs-groundwater levels for each regime (indicated by thin lines)

together with the regime mean hydrograph-groundwater levels (bold line).

(P). For HGT500 and SST, the 2018 anomalies (in meters and degree Celsius, respectively) relative to a—reference—period
the reference period 1971-2000 were computed for each month May—Augustin the period over Europe and the surroundmg

regions.

start-ofthe-dataset(inr198H—-t6-2000—In addition, average-mean May—August HGT500 60-year (1959-2018) time series

and corresponding 2018 anomalies (in standard deviations from the 60-year mean) were computed for each subdomain of

20° x 20° longitude/latitude throughout the European domain, i.e. the area 35° N-80° N and 12.5° W—42.5° E moving one
grid cell (2.5°) at a time. This allowed the extremeness in the persistent high-pressure system for the whole May—August period

to be estimated.

For-The extremeness in temperature and precipitation was analysed by ranking maps of each month in 2018. First, monthly
mean of-Tx and monthly total sums of P were computed for the 60-year period (1959-2018;-and-menthlyranking-maps-of

201+8-madefor-the-six-), and for each month the years were ordered from the most extreme (highest temperature and sixlowest

lowest precipitation) to the least
extreme value-and-find-, Then, ranking maps of 2018 were made by finding the position (rank) of the-speeifie-year-2018 if it
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were among the six highest temperatures (in the case of Tx) or six lowest precipitation totals (in the case of P). Similar maps

were computed for the European 2015 drought by Ionita et al. (2017) using the period 1950-2015. In case of ties between
years, 2018 was set as the least extreme of the years with equal values. This was done to avoid exaggerating the extremeness
of 2018 in terms of precipitation totals, such as in some Mediterranean regions where it is not uncommon with months with
zero precipitation. A rank of one imply-record-breaking-implies record-breaking high temperature (in the case of Tx) or low
precipitation (in the case of P) in 2018, a rank of two indicates that 2018 had the second most extreme value in that month,
etc. Here, temperature/precipitation with ranks of 1-6 are referred to as extreme. The ranks correspond to specific percentiles
of the data, such that a rank of 3 or 6 eorrespond-corresponds to the 5th or 10th percentile, respectively, when the period under

investigation is 60 years.

3.2 Meteorological Drought-drought indices

The meteorological drought of each month May—August 2018 was assessed using the Standardized Precipitation Index (SPI;
McKee et al., 1993; Guttman, 1999) and the Standardized Precipitation Evapotranspiration Index (SPEI; Vicente-Serrano
et al., 2010; Begueria et al., 2014). A three-menths-three-month accumulation period was chosen fer-in both cases (i.e. SPI3
and SPEI3) to reflect the seasonality in northern Europe (WMO, 2012).

SPI is recommended as a meteorological drought index for drought monitoring by the World Meteorological Organization
(WMO and GWP, 2016). It is a widely used measure of precipitation anomalies that can be compared across locations with
different climatology and highly non-normal precipitation distributions (Stagge et al., 2014). SPEI is a more recent drought
index that measures the-normalizednormalised anomalies in the climatic water balance, defined as precipitation minus potential
evapotranspiration (PET; Vicente-Serrano et al., 2010). As opposed to SPI, SPEI takes into account atmospheric variables other
than precipitation that may affect drought. Which-additional-atmespherie-variables-that-are-included-Additional atmospheric
variables to include depend on the equation chosen to estimate PET. The Hargreaves equation (Hargreaves and Samani, 1985)
was used in this study following the recommendation by Stagge et al. (2014). The Hargreaves equation estimates daily PET
based on each day’s mean temperature, the difference between daily minimum and maximum temperature (proxy for net
radiation), and an estimate of (extraterrestrial) radiation based on the latitude and day of the year.

SPI3 (SPEI3) was computed by: 1) fitting three-months-aceumulated-preeipitation-three-month accumulated P (or P-PET) in
the reference period 1971-2000 to a parametric distribution, 2) transforming non-exceedance probabilities from the parametric
distribution to the standard normal distribution, and finally, 3) using the normal distribution to estimate the 2018 anomaly in
terms of standard deviations (Lloyd-Hughes and Saunders, 2002; Guttman, 1999; McKee et al., 1993). Both SPI and SPEI
rely on the choice of a parametric distribution. This study feHews-followed the recommendations by Stagge et al. (2015) 5
te—it-tsesto use the gamma distribution for the SPI calculation, iretding-including a "centre of mass" adjustment for zero
precipitation periods, and the generalized extreme value distribution for the SPEI calculation. Except for differences in input
data and transformation procedure to the standard normal distribution, the computation routine is the same for SPEI and SPI,
and the multi-temporal nature and statistical interpretability of the two indices are therefore also the same (Stagge et al., 2014).

SPI and SPEI were calculated using the R-package SCI developed by Gudmundsson and Stagge (2016).
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Dry conditions are represented by negative SPI and SPEI values, and wet conditions by positive values. A eategerization
categorisation of SPI values is found in Lloyd-Hughes and Saunders (2002), defining SPI abselute—values-of1—1-5-values
between -1 and -1.5 (9.2 % probability) as moderate drought/mederately-wet-SPhabsotute-vatues-of+-5-2-, SPI values between
-1.5 and -2 (4.4 % probability) as severe drought/severely-wet, and SPI abselute-vatues>2-values less than -2 (2.3 % probability)
as extreme drought/extremely—wet—This-categorization—was—used—, Correspondingly, positive SPI values are categorised as

moderately wet (1-1.5), severely wet (1.5-2) and extremely wet (>2). This categorisation was adopted for the interpretation of
the SPI3 and SPEI3 results in this study.

3.3 Hydrological BDreughtdrought

The extremeness in streamflow and groundwater level was analysed by calculating the monthly means and ranking the low
end-lowest values (low streamflow and low groundwater tables) for each month May—August in 2018, following the same
procedure as for temperature and precipitation (Sect. 3.1). For streamflow, the 60-year-60-year period 1959-2018 was used as
a basis for the ranking, and thus the same percentile equivalents as for temperature and precipitation apply. A 36-year-30-year
period was used for groundwater due to the generally shorter time series. fn-this-easeThus, a rank in groundwater of 3 or 6 5
eorrespond-corresponds to the 10th or 20th percentile, respectively.

The response in groundwater to climatic input is often delayed and smoothed, however, the delay may vary greatly from site
to site affecting the occurrence and duration of groundwater drought (Van Loon, 2015; Van Loon and Van Lanen, 2012). Here,
the delay in groundwater response to precipitation was assessed, defined as the accumulation time-of-the-spatiallycollocated

eriod (at daily resolution) of the nearest grid cell’s daily precipitation yielding the highest correlation between accumulated
daily-precipitation and daily groundwater levels for the period 1989-2018.

3.4 Empirical Orthegenal-Funetion-Analysis-orthogonal function analysis and Cempesite- Mapscomposite maps

Key patterns in large-seale-large-scale atmospheric circulation associated with low and high summer streamflow in the Nordic
region were analysed by computing the HGT500 anomalies for the years of high and low anomalies. The anomalies were
identified by the three first principle components resulting from an empirical orthogonal function (EOF) analysis of the summer
streamflow data. An EOF analysis allows insight into the most dominant modes of variability in a complex temporally and
spatially varying dataset by decomposing the dataset into fixed spatial patterns (EOFs) with corresponding time series (principle

components, PCs), that-each-represent-each representing a given proportion of the total variance in the dataset (Wilks, 2006).

Summer The magnitude of a given EOF loading gives the strength of the relationship between the summer streamflow time
series and the corresponding PC. A negative EOF loading represent an inverse relationship between the summer streamflow.
time series and the corresponding PC, which can take on both negative and positive values. Mean summer (June-July-August)
streamflow-averages-streamflows were computed for each year 1959-2018 and the time series standardized-standardised and

detrended prior to the empirical orthogonal function analysis. The June—August period was chosen for the EOF analysis (rather

than May—August, which is in focus in Sect. 3.1-3.3) to avoid the effect of high flow in May caused by snowmelt. Furthermore

EOF analysis and composite maps are traditionally done on a three-month seasonal basis, making the results more easil
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comparable to other studies. The EOFs and PCs were calculated using the Python library eofs (Dawson, 2016). For each of
the principle components (PCs), years with absolute values larger than one standard deviation were defined as high (positive

values) and low (negative values) anomaly years. For each set, we computed "high years composite maps" and "low years

composite maps" of concurrent (average-mean summer; June-July-August) and-preceding(average-spring;: Mareh-April-May)
HGT500 anemaly-and-SST-anemalyanomalies. The significance of the composite maps were estimated by a two-sided standard

t-test at a 5 % significance level.

4 Results

4.1 Meteorological Situatiensituation

Figure 3a—d shows the evolution of SST anomalies from May—August 2018 as compared to the reference period (+1981-26601971-2000;

all months throughout 2018 are shown in Fig. A1). The strongest SST anomalies in the seas surrounding Europe in 2018 were

found in May—September. Patterns of negative and positive SST anomalies are-were relatively stable from May—AugustMay—September,

characterised by one negative and two positive anomalous SST centers. The strongest negative SST anomalies were found in
an area south of Greenland (50-60° N), whereas strong positive SST anomalies were found below this area, in a belt from
20-80° W at approx. 40° N. The-A second region of positive SST anomalies was found in the regions surrounding Europe
between 0—40° E (Barents Sea, Norwegian Sea, North Sea, Baltic Sea, Balek-Black Sea and parts of the Mediterranean Sea).
The highest SST anomalies exceeded 4-3 °C and were found in the Baltic Sea;Black-Sea-and-northeasternMediterranean

Poc A_an Mmacnitde nd-in-the R ante Qaa 10 nd—A
v o B \/

HGT500 anomalies for each month May—August 2018 as compared to the reference period (1971-2000) are shown in
Fig. 3e-h (all months throughout 2018 are shown in Fig. A2). May 2018 was characterised by a dipole-like structure in the
atmospheric circulation, with HGT500 anomalies ranging from -120 m to 120 m. A high-pressure system (anticyclonic cir-

culation) was centred over Fennoscandia, whereas Greenland and eastern Canada were under the influence of a low-pressure

system (cyclonic circulation). This represents a northwestern movement of the high and low-pressure systems present in April

when these were located over central/eastern Europe and the North Atlantic west of Ireland, respectively. South of the cyclonic
circulation in May, a weaker anticyclonic circulation was found-observed over the east coast of the US. In June, the HGT500

anomalies were generally lower than in May, with anticyclonic conditions centred over the British Isles and at similar lati-
tudes, two cyclonic circulations, one centred over the Canadian east coast and one centred over Russia at approx. 70° E. The
HGTS500 anomalies in July were similar to the ones in May in their spatial patterns and anomaly magnitudes, however, with
a slight northward shift. In August, the high-pressure systems weakened in magnitude, with a high-pressure system located

southeast of Fennoscandia, and a low-pressure system developed over the North Atlantic between Iceland and Norway. Similar

anomaly pattern and magnitudes persisted in September—October, before Fennoscandia again was under the influence of a

strong high-pressure system in November and (too a lesser degree) December 2018.
The 2018 anomalies of the HGTF560-averaged-over-theperiod-mean May—August +n-2048-HGT500 relative to 1959-2018

(represented as standard deviations, std, from the 60-year mean) for a sequence of subdomains in Europe, are shown in Fig. 4a.
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Each subdomain covers 20° x20°1at longitude/ton;-an

at-the-timelatitude. Results for each month May—August 2018 separately are shown in Fig. A3. Most of Europe show-showed
HGT500 values of more than 2 std, and in regions centred around Denmark (between -2.5-12.5° E and 52.5-57.5° N), HGT500
deviated more than 3 std. Figure 4b shows the aggregated May—August HGT500 time series for a selected subdomain centred
over Scandinavia (Scandinavian subdomain: 52.5-72.5° N and 5-25° E), demonstrating the-record-breaking-a record-breaking
high-pressure system averaged-over the period May-August for this subdomain. As shown in Fig. A3, particular high anomalies
are-seen-were observed in May and June, whereas more normal values are-were found in June and August. In May 2018, the
std is-was twice as high as the second most extreme year (1993) and more than 3 std away from the mean.

Figure 5a—d shows the ranks-top-six ranking of each month May—August 2018 (maximum)-highest temperatures (all months
throughout 2018 are shown in Fig. A4, and monthly anomalies in Fig. S1). Temperatures during this period were exceptionally
high(rank—+—6), with record-breaking (rank 1) or near-record-breaking (rank 2—-6) temperatures in several European regions.
The most widespread extreme temperatures were found in May, when the top-six-top-six ranks (dominated by rank 1 and
2) covered almost the whole of the Nordic region and large parts of northern and eastern Europe. Record-breaking weather
was reported by meteorological offices in-mest-of-across the affected countries. In Norway and Germany, for example, the
meteorological institutes reported that the natioral-country average May temperature was the highest on (the more than 100-
year) record, and 97 meteorological stations in Norway (with record lengths between 15 and 155 years) registered record-
breaking May temperature (Grinde et al., 2018b; Deutscher Wetterdienst, 2018). In June, the area covered by exeeptionally-high
extreme temperatures decreased, mainly covering a smaller region from northern France to Poland, southern Scandinavia and
the British Isles. Ireland stands-here-out-stood out this month, with record-breaking temperatures. Only southern Fennoseandia
ranked-parts of Fennoscandia had ranks of 1-6 in June, however, this changed drastically in July, when almost the whole of
Fennoscandia experienced the highest, or second highest, temperatures on the recordfer-this-month. In Norway, 43 measuring
meteorological stations broke their mean July temperature record (Grinde et al., 2018c). High ranks are-were also seen in
regions facing the North Sea and the Baltic Sea. A southern shift is-was seen in August, where-when a southwest-eastern
belt of exeeptionalty-high-extreme temperatures extended from the Iberian Peninsula to southeastern Fennoscandia. Regions,
mainly in Spain, Portugal and Germany, experienced record-breaking temperatures this month. Extreme temperatures were

also observed in the months before and after May—August 2018 (mainly in April, September and October), covering regions

south of Fennoscandia. In November, temperatures in northern and western Fennoscandia were again extremely high.
Record-breaking, or near-record-breaking, low precipitation for each month May—August (Fig. Se-h; rank of all months are

shown in Fig A5, and monthly anomalies in Fig. S2) were much less common and only found in smaller and more scattered
areas across northeastern Europe. Some -howevermore-extremelocalised extreme clusters were found in Junemaintytoeated-,
mainly in southern UK, Benelux, Germany and Belarus. In July, larger clusters are-seen-in-mestof-were seen covering Benelux,
Denmark, parts of Fennoscandia and Germany. A relatively large region north of the Black Sea, including Moldova and parts of
Romania, Ukraine and Russia, experienced record-breaking and near-record-breaking, low precipitation in August. In addition,
smaller clusters of exeeptional-extremely low August precipitation were found in central Europe. Apart from May—August,
scatters of record-breaking or near-record-breaking low precipitation in 2018 were mainly found in southwestern, central and
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southeastern Europe. Exceptions are February and November, when larger parts of northern/northeastern Europe experienced
extremely low precipitation.

4.2 Meteorological Proughtdrought

SPI3 and SPEI3 for each month May—August 2018 are shown in Fig. 6 (all months are shown in Fig A6 for SPI3 and Fig A7
for SPEI3). From a slow development at the start of the year, a meteorological drought manifested itself (as indicated b
SPI3indicates-moderate-meteorological-drought(SPI3<-1) in-parts-of Europe-across a larger region north of 45° N in May;

with-a—few-seattered-areas—of severe-meteorological-drought (SPI3<-1-5)April and May. The situation worsened to peak in
July when +718 % of the grid cells had SPI3<-1.5. The most extreme meteorological drought in northern Europe (SPI3<-2)

was found in July in a region surrounding Denmark, including southern Norway, Sweden, Benelux and Germany. Regions
within the British Isles and the Baltic countries also recorded extreme meteorological drought this month. In August, extreme
conditions persisted in Germany and neighboring countries, whereas the meteorological drought in Fennoscandia, the Baltic
countries and the British Isles generally lessened (or ceased)as-compared-to-Fuly— Dry conditions persisted in central Europe,
and extended to southern and eastern parts of Europe in September—November. Eastern and southeastern parts of Fennoscandia
were again affected by moderate drought in November—December, after three months of only scatters of moderate drought in

The year started rather wet across Europe in terms of SPI3, with wet conditions persisting in southeastern Europe until May.
SPI3 also revealed extreme wet conditions (SPI3>2) on the fringe of the drought affected area, i.e. along the coastal regions

in northern Norway (June—October) and southern parts of Europe, notable the Iberian Peninsula in-May-(March-May) and
southeastern Europe in-July-and-August(February—April and July—August). The SPEI3 shews-showed a similar spatial pattern

as SPI3, although somewhat higher anomalies are-seen-at-the-start-of-the-period;+-e—were seen in May and June for SPEI3,
with 611 %, respectively +516 % of the grid cells in severe or extreme drought (i.e. values<-1.5) as compared to 57 % (May)

and ++13 % (June) for SPI3.
4.3 Hydrological Dreughtdrought

The 60-year ranking-of-monthlylowest-(top-six) ranking of lowest monthly streamflow in 2018 in the Nordic region (Norway,

Sweden, Finland and Denmark) revealed record-breaking or near-record-breaking low streamflow in several regions from June,

peaking in July ;

st(Fig. 7a—d;-). Ranks of all months in 2018 are shown
in Fig. A8)-, and standardised monthly hydrographs for 2018 are shown in Fig. S3—S5. In May, only two (3 %) of the stations
experienced extremely low streamflow (rank of 1-6). In June, however, 46 % of the stations had extremely low streamflow, and
13 % were record-breaking. The proportion of stations with extremely low streamflow expanded to 68 % in July (28 % were
record-breaking). Extreme conditions persisted in the southeastern area of the region (mainly eastern Denmark, southeastern
Sweden and southern Finlandthreughout2648-) until the end of the year.

The 30-year ranking-ef- monthlylewest-(top-six) ranking of lowest monthly groundwater levels in Sweden and Norway for
each month May—August 2018 are shown in Fig. 7e-h (all months are shown in Fig A9, and monthly standardised groundwater
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tables can be found in Fig. S6-7). Four (7 %) of the stations in Norway and Sweden had extremely low groundwater levels
(rank of 1-6) in May 2018. In June, 43 % of the stations had a rank of 1-6 (7 % were record-breaking), expanding to 55 %
(14 % record-breaking) in July and 63 % (14 % record-breaking) in August. Ranks between 1 and 6 are-were seen in 38-54 %
of the wells until the end of 2018. Extremely low groundwater levels did not show any distinct spatial patterns. In several
cases, stations located close to each other (pies of the same point) showed different results, reflecting the importance of local
conditions in determining the groundwater level.

The delay in groundwater response to precipitation vartes-(as defined in Sect. 3.3) varied among the study sites from 30 to
1500 days (Fig. 8a), whereas mean groundwater levels betow-surface(measured from the surface) ranged from 0.36-13.4 m
(median of 2.16 m; Fig. 8b). With one exception, the most extreme groundwater levels in Norway in June and July 2018 (in
terms of ranks), were found for the-locations with the fastest response time, i.e. 30-90 days). Figure 8c shows the groundwater
ranks-betweentand-6-top-six groundwater ranks for each month throughout 2018, plotted with the response delay along the
x-axis and the mean groundwater level depth (Fig. 8b) along the y-axis. Extreme groundwater levels emerged in June in the
most shallow wells (less than 3 meters depth from surface), followed by deeper wells in July-August, with response delays
of up to 400 daysinFuly—August. In September, the most shallow wells with the fastest response showed less extreme ranks,
whereas deeper and more slowly responding wells started to experience extreme conditions. This pattern continued throughout

2018.

4.4 Relation between Summer-Streamflow-summer streamflow and Large-Seale- Atmospherie-Cireulationlarge-scale
atmospheric circulation

The three first principle components of the EOF analysis exptain-explained 52 % of the detrended and standardized-standardised

summer streamflow variability over the period +959—26481959-2018, and their time series and loadings are shown in Fig. 9.

1Y) d & S 2 < < q g

of-a-givenstation—EOF1 explains-explained 23 % of the variability and is-mest-was mostly relevant for the streamflow in the
western and northern part of Norway —(Fig. 9a). EOF1 is-was also relevant for some stations in Denmark, which are-were

characterised by high flow when stations in Norway have-had low flow and vice versa. In summer 2018, PC1 was close to
one standard deviation higher than the time-series-averagetime series mean (Fig. 9d), reflecting dry conditions in western and
northern Norway. Similar to EOF1, EOF2 explains-explained 21 % of the summer streamflow variability —(Fig. 9b). EOF2
is-was mostly relevant for the streamflow in Denmark, southeastern Norway and southwestern Sweden. The PC2 time series
indieate-indicated extreme low flow conditions in summer 2018 in these regions —(Fig. 9¢). A smaller amount of variability
(8 %) is-was explained by EOF3 —(Fig. 9c). EOF3 refleetsreflected opposite summer streamflow conditions in the west
(Norway and Denmark) relative to the east (easternmost Norway, Sweden and Finland). The PC3 value for 2018 is-was close to
the time-series-averagetime series mean (Fig. 9f), and thus the conditions represented by EOF3 and PC3 are-were not relevant

for the summer 2018.
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Summers of low and high streamflow were related to the prevailing large-scale atmospheric circulation by extracting the
summer HGT500 of high-and-How-low and high anomaly years from the three first PCs time series from the summer streamflow
EOF analysis. Years with absolute PC values larger than one standard deviation from the times series average-mean were
defined as high (positive values) and low (negative values) anomaly years. Summer (June—August) HGT500 composites for
these years along with wind directions and significance, are shown in Fig. 10.

Summer low flow in western and northern Norway as indicated by high PC1 valuesare-, was associated with a high-pressure
system centred over the Norwegian Sea and covering most of Fennoscandia, and a low-pressure system centred over the British
Isles and over Russia at approx. 60° E. In summers with low PC1 values, western and northern parts of Fennoscandia ties-lied
on the border between a low-pressure system in the north and a high-pressure system in the south. The-years-Years of high
(low) PC2 values are-were associated with a low-pressure (high-pressure) system over the North Sea, flanked by a high-pressure
(low-pressure) system on the central part of the nerth-Atlantie-basin-North Atlantic and over Russia. These pressure systems
eover-covered the region with the largest EOF2 loadings, with summer high flow associated with cyclonic circulation, and
summer low flow associated with the an anti-eyelonie-anticyclonic circulation over the region. A high-pressure system over
centered over southern Scandinavia and a low-pressure system over Russia at approx. 40° E are-were observed for summers of
high PC3 values, and a low-pressure system over the North Sea and southern Scandinavia is-typteal-for summers with low PC3

values.

5 Discussion

The 2018 extreme drought centred in northern Europe, substantially affected the Nordic region, particularly in late spring
and summer before moving southwards in August. The Nordic region has widely different hydroclimatological and terrestrial
characteristics as compared to the-more-commeonty-affected-droughtregionsof-other recently drought-affected regions, such
as southern and central Europe —in 2003 and 2015. This makes the drought of 2018 and its propagation in the hydrological
cycle unique. Special for the region is a high diversity in hydroclimatological conditions, including the effect of snow on
hydrology. Accordingly, the response to a meteorological drought and its propagation in the hydrological cycle will vary.
Here, we discuss the 2018 drought, first from a climatological perspective (Sect. 5.1), then by the-hydrelogical-perspective
considering its hydrological footprint (Sect. 5.2). Further, the results of the EOF analysis, linking atmospheric circulation and
low summer streamflow in the Nordic region, are discussed (Sect. 5.3), followed by some final remarks on the representability
representativity of the hydrological data used in the study (Sect. 5.4).

5.1 The 2018 drought from a climatological perspective

The 2018 drought eonfirms—confirmed the central role of anticyclones in the development of northern (>40° N) Eurasian

droughts Schubertet-al;20144)as highlighted by Schubert et al. (2014). The strongest HGT500 anomalies over the period
May-to-AugustMay—August were found in May and July. May was characterised by a cyclonic circulation centred over

Greenland and western Russia, and pronounced anticyclonic circulation centred over the continental Nordic regionextending
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down-to-central-North-Atlantie-, extending south to central North Atlantic and the east-coast of North America. This wave
train pattern resembles the atmospheric circulation associated with the leading mode of drought variability over Europe as
presented by Ionita et al. (2015). Large parts of the region experiencing anticyclonic conditions in the months from May-to
AugustMay—August 2018, also showed extreme temperatures (defined as having a rank between 1 and 6). The stronger the
HGTS500 anomaly, the more extreme the temperature, emphasising the strong link between the two variables.

Overall, the observed positive SST anomalies in summer 2018 everlap-overlapped spatially with the anticyclonic eireulations
circulation (positive HGT500 anomalies) in May and July 2018. Anomalous anticyclonic circulation, as observed in these two
months, may-decrease convection and increase incoming solar radiation, leading to warmer SST in the underlying seas (Feudale
and Shukla, 2011). The spatial pattern of SST anomalies in 2018 are similar to those in the summers of 2003 and 2015, repre-
senting two of the most extreme drought events in Europe in recent years e > +La > : al

Tonita et al., 2017; Laaha et al., 2016; Fischer et al., 2007b; Black et al.,

2004). During all three events, a persistent negative
anomaly was centred south of Greenland over the period May—August. The anticyclonic centres and associated temperature

extremes over continental Europe in 2018, were generally located more towards the northeast as compared to the 2003 and 2015

events. An overlapping region in central Europe experienced temperature extremes all three summersdenita-et-al;2017;Fischer-et-al52007

. Overall, most major European streamflow droughts between 1960-90 were associated with high-pressure systems across cen-
tral Europe (Stahl, 2001), highlighting the unique location of the 2018 event. This is especially the case for May and July, in
whieh-when the high-pressure system centred over the Nordic region is-was more than 3 std, respectively 2 std, away from the
60-year mean (Fig. A3). However, in August 2018, the hottemperature-extremes-coveredregion of extreme temperature moved
southeast, covering a region extending from the southwest to northeast Europe, resembling the affected region in summer of
2015 (and to a lesser degree 2003).

Monthly precipitation extremes across the period May—August were not as widespread as temperature extremes, however,
areas with extreme low precipitation (rank between 1 and 6), generally also experienced extreme high temperatures. Overall, the
region affected was located further north as compared to previous large-scale droughts in Europe, such as the summer droughts
in 2003 and 2015 (Ionita et al., 2017). The SPI3 and SPEI3 both showed a-similar northern European located dreught;-hewever;
as-both-these-indices-dry anomalies. These indices both reflect a 3-month accumulated deficit in precipitation, respectively a
climatic water deficit, and thus a higher consistency is seen in time. Furthermore, both indices shew-showed widespread dry

conditions already in May;refleeting-the-April, reflecting conditions in the months Mareh—MayFebruary—April. As seen in
Fig. A4, extreme high temperatures are-were seen already in April in parts-ef-the-region-(eentral Europe);potentially leading
large parts of Europe, which potentially led to drier than normal conditions in the soils.

For both SPI3 and SPEI3, the dreught-peaks-spatial extent of severe and extreme drought peaked in July.

Overall, the percentage of grid cells showing extreme drought is-was higher for SPEI3, highlighting the importance of look-
ing not only at precipitation when analysing the impact of drought, as alse-previeuslyrecognized-when-comparing-the-SPland
SPEHerEurope(e-g—Stagge-et-al;-2017)—already recognised by Stagge et al. (2017). The use of potential evapotranspiration

in SPEI (rather than actual evapotranspiration) might-may be less an issue in the Nordic region --where evapotranspiration in

general is limited by energy, as opposed to water-limited areas dominating in central and southern Europe (McVicar et al.,
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2012). The inclusion of potential evapotranspiration in SPEI (as opposed to using only precipitation in SPI), might-therefore
prove-suitable-may therefore prove acceptable for drought assessments in energy-limited regions. However, water may become
a limiting factor atse-in these regions in exceptional years, such as the summer of 20482018 (Buitink et al., 2020). As the
soil dries out, it may give rise to a positive land-atmosphere feedback, i.e. an enhanced warming is seen as less energy is spent
on evapotranspiration. Such soil moisture-temperature feedbacks have played an important role in the evolution of previous
European heat waves (Fischer et al., 2007a), and may have played an important role in the 2018 event as well. Being outside

the scope of this study, this would be an interesting aspect of a further study.
5.2 The 2018 drought from a hydrological perspective

Overall, drought impacts are commonly related to deficits in different components of the hydrological cycle, not in the mete-
orological variables as such. Key impacts of the 2018 drought were related to soil moisture (crop failure and wild fires) and
hydrological drought (e.g. impacts on energy, water supply and aquatic ecosystems). As the-a drought propagate, the event is
normally lagged, attenuated and lengthened as compared to the original meteorological event (Van Loon and Van Lanen, 2012;
Van Loon et al., 2011);-the-question-being-to-what-degree—which-will-. The degree to which this happens vary with event and
region impacted. Furthermore, antecedent water storage (initial conditions), such as snow, glaciers and groundwater, play-plays
an important role in the occurrence, timing and development of the-a hydrological drought.

In regions affected by seasonal snow, drought occurrence and propagation is to a large degree influenced by the snow
storage-volume and snowmelt timing as compared to a normal year. During the snow accumulation season in 2018, above
normal precipitation fell in early winter in most of the Nordic region, and less than normal precipitation in western/northern
Norway and Finland towards the end of the snow season (as indicated by SPI3; Fig. A6a—c). Most of the snow-dominated
catchments (with the exception of the northernmost part of the Nordic region), experienced meteorological drought in May—
July. Record high temperatures emerging-emerged during the snowmelt season (i.e. in May), and 19 stations (24 %), all with
a mountain or inland regime, experienced one of their six highest May streamflow since 1959. For the-other stations affected
by snowmelt, however, a more normal flood situation followed +-(Fig. S4-5); one hypothesis being that part of the snow was
lost due to sublimation. In addition, higher than normal evapotranspiration rates led to less water feeding the streams. The high
snowmelt and evapotranspiration rates likely caused an earlier end of the snowmelt season as well as a smaller total volume
of melt water contribution to streamflow compared to normal (given the same preconditions). Following the snowmelt peak,
streamflow drought started emerging in June in large parts of the Nordic region. Noteworthy exceptions are-were the three
glacier dominated streamflow stations (Fig. S5), for which high summer temperatures led to high melt rates and sustained

water contribution from the glaciers.

Streamflow stations without a snow season are mainly located in Denmark and southern Sweden. Peamark-Extreme temperatures

were found in part of this region in April, extending to the whole region in May. In southern Sweden, meteorological and
hydrological drought developed from May, and record-breaking low streamflow seen from June. Most of Denmark, on the

other hand, did not experience a meteorological drought until July;-despite-extreme-temperaturesin-May. Accordingly, stream-
flow drought was first observed in July and (to a lesser degree) August—, However, this was only seen for stations located
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in the eastern—southeastern parts of Denmark. Mest-of-the-stations—in—westernDenmark;-however—Stations in western and
northern Denmark did not experience extremely low streamflow at all during May—August 2018. As a whole, Denmark had
extremely low precipitation and severe to extreme meteorological drought, as indicated by SPI3, in July. The-spatial-pattern-of
A southeastern-northwestern gradient in extreme temperature (and SPEI3) this month, however, reflects the east-west-deviation
in-spatial pattern of extremely low streamflow in Denmark, indicating that higher than usual evapotranspiration rates likely has

contributed to extreme conditions in the east:

combined-with-southeast. Correspondingly, less extreme evapotranspiration tesses-may-in the west and north might have pre-

vented streamflow drought to develop there.

Whereas execeptional-extremely low streamflow conditions sustained in the southeastern area of the Nordic region (eastern
southeastern Denmark, southeastern Sweden and southern Finland) throughout 2018, streamflow in the north and western
part of the region was replenished by heavy-precipitation-inAugust{Grinde-et-al-2648a)-high precipitation fotals in August
(Fig. S2h). This divide reflects the southeastern movement of the anticyclonic circulation as well as the cyclonic circulation
over the Norwegian Sea in August, and-winds-movingnortheast-with winds from the North Sea ;-bringing precipitation towards
the coastalong—with-them—, The precipitation did not only replenish the rivers and end the streamflow drought, but led to

extremely wet conditions at several streamflow stations —(Fig. S3-5). Western and northern stations experienced one of their

six highest monthly streamflow since 1959 in August (5-five stations), September (21 stations) and October (16 stations).

the southeastern area, extreme conditions-persisted-forseveral-stations-streamflow conditions persisted towards the end of the
2018. Extreme conditions reappeared in November, even affecting stations that did not experience extremely low streamflow.
during the summer. This can be explained by continued below normal precipitation in September—October (Fig. S2). and a
new high-pressure system over northeastern Europe in November leading to extremely low precipitation and severe to extreme
meteorological drought in large parts of the southeastern Nordic region.

The groundwater wells were all located in the-area-areas affected by moderate to extreme meteorological drought, as indi-

cated by SPEI3, in May, June, July and (to a lesser degree) August.

nor-the-span-in—groundwaterregimes—The high spatial variability in hydrogeological properties across the Nordic region is
mirrored in the diversity in groundwater response to meteorological conditions, as reflected in a high local variability for

roundwater drought (rank between 1 and 6) even for closely located wells. Except for four wells that experienced low ground-
water levels already from March, no wells showed groundwater drought in May. Similar to streamflow, this is-was likely due

to wet preconditions, such as high groundwater levels and/or snow volumes recharging groundwater during the melt season
—(Fig. S6-7). In June, extreme conditions are-were found among the most shallow groundwater wells, probably due to high

evapotranspiration rates in combination with precipitation deficits. From July onwards, extreme conditions are-were found in

wells of increasing depth and response time. The extreme conditions first started to cease in the shallowest and fast responding

wells from September. At the end of the year, 38 % of the wells still experienced extreme conditions, and below normal ground-

water levels persisted well into 2019 (e.g. Table 1,n). Similar to streamflow, this was likely a combined effect of a delay in
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the hydrological system, a continued below normal precipitation, and meteorological drought associated with a high-pressure
system establishing over northeastern Europe in November.

5.3 Atmospheric Cireulation-Asseeiated-circulation associated with Lew-Summer-Streamflow-low summer
streamflow in the Nordic Regionregion

The EOF analysis revealed that more than half (52 %) of the variability in summer streamflow -everthe-period1959-2018in
the Nordic regionsregion (1959-2018), can be explained by the three first principle components, whereof the two first EOFs
explain-explained 44 % (Fig. 9). The analysis is-was somewhat biased towards Danish conditions, as the station density is-was
much higher here compared to the rest of the region, in particular Sweden and Finland. EOF1 and EOF2 indicate-a-division
indicated two distinct patterns in summer streamflow variabilitybetween-; in western/northern Norway and-(EOF1) and in the
southeastern part of the Nordic region (EOF2). During 1959-2018, enly—two-summers-had-summertowflow-low summer
streamflow in the whole region fonly occurred twice, i.e. 1969 and 2666 )—TFhese-two-summers-are-also-previousty identified-as
2006. These summers have also previously been identified as exceptionally dry by different drought indices (e.g. Spinoni et al.,

2015; Hannaford et al., 2011), and are-years-with-everlying-here found to correspond to May—August HGT500 anomalies of
more than 1 std above the 1959-2018 average-mean (Fig. 4).

High values of summer PCI indieate-indicated low summer streamflow in the northwestern part of the Nordic region, and
are-were associated with a high-pressure-high-pressure system over the Norwegian Sea (Fig. 10). Several of the streamflow
stations with strong EOF1 loadings recorded extremely low streamflow values in June and July 2018. However, the summer of
2018 was not a high anomaly year in PC1, which might be due to the heavy-high precipitation in August 2018 replenishing the
riversin-thisregion.

Low values of PC2 indieate-indicated low summer streamflow in the southeastern part of the Nordic region, with the summer
of 2018 as the most extreme year. The-main-reason-for-this-might-be-the-extreme-This may result from the extreme streamflow
conditions throughout June—August at several of the stations that have-had the strongest EOF loadings along the Sweden-
Norway border and southern Sweden (Fig.7b—d). AfterFollowing 2018, the most extreme low anomaly years, as indicated
by PC2, are-were 1975-76. This period has previously been identified as benchmark drought event in western and northern
Europe (e.g. Zaidman and Rees, 2000; Stahl, 2001). Low values of PC2 are-were also associated with a high-pressure system
over the North Sea, surrounded by low-pressure systems over Greenland/nerth-North Atlantic, Russia and the Mediterranean
region. The pattern has some resemblance with the Scandinavian teleconnection pattern (SCAN). Interestingly, May 2018 has
had the highest May SCAN value (of 1.69) and July 2018 the third highest July SCAN value (of 2.27, the highest being 2.61
from 1997) over the period 1950-2019 (data from https://climexp.knmi.nl/data/icpc_sca.dat, retrieved 14.04.2020).

5.4 Hydrological data representatitivityrepresentativity

The streamflow dataset used-in-thisstudy-covers a rather wide range of catchments areas (6.6-10864 km?), and includes stations

across all of Norway, Denmark, Sweden and Finland. However, the density of stations varies, being much higher in Denmark
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and Norway as compared to Sweden and Finland. This lack of spatial representation affects the EOF analysis in particular, but
also the percentages of stations with extremely low streamflow.

The number of wells included in the groundwater dataset was strongly limited by the requirement of no/little human influence
(or lack of knowledge thereof), data quality and the period defined. The selected groundwater wells are relatively shallow, with
a median depth of 2.16 m below surface, however, the range across the region or average value is not known, thus it is difficult
to state whether this is a representative set of wells or not. Nevertheless, the large span in the ‘delay in groundwater response’
variable suggests a good coverage. The groundwater dataset only covers Sweden and (southern) Norway, and as much as 46 of
the 56 stations are located in Sweden, thus the results wotld-be-are biased towards Swedish conditions. In addition, several of
the well-wells are located at the same site, often at different depthdepths, affecting the spatial representatitivity-representativity
of the dataset. HoweverNevertheless, these wells highlight-confirm the high local variability seen in the groundwater level
response, reflecting the local heterogeneity in hydrogeological properties;-and-thus-eattions-the toeat relevance-of conclusions

. Accordingly, this calls for caution when drawing conclusions at a regional scale based on local groundwater data.

6 Conclusions

This study characterised the 2018 northern European drought from both a climatological and hydrological perspective. This
event was unique in its northern location, affecting a region with highly diverse hydrometeorological-hydroclimatological
conditions compared to the more central and southern parts of Europe, recently hit by major droughts such as the events of
2003 and 2015.

The North Atlantic Oeean-and seas surrounding Europe experienced persistent anomalously high SST from May—August
and record-breaking temperatures over the Nordic region in May and July, which were associated with record-breaking high-
pressure systems overlying the region. Extreme monthly precipitation deficits were not as wide spread as the-extreme monthly
temperatures, however the persistent lack of precipitation from May-July led to extreme meteorological drought (estimated
by SPI3) in a region surrounding Denmark, including southern Norway, Sweden, Benelux and Germany. The meteorological
drought in this region was eonsidered-evenfound more extreme when considering the climatic water balance (preeipitation
minus-potential-evapotranspiration)-using-the-estimated by SPEI3index), emphasising the importance of accounting for tem-
perature (and not solely precipitation as in SPI) in meteorological drought assessments. After July, the high-pressure system
shifted southward ;-eentred-in-and centred over Germany, and meteorological drought was only seen in small clusters across
the Nordic region.

Whereas record-breaking temperatures and moderate meteorological drought emerged over most of the Nordic region in
May, hydrological drought (estimated as monthly ranks between 1-6 of streamflow and groundwater) did not appear before

te-Snow plays an important role over large parts of the region,

and at many locations the streamflow were still fed by meltwater during May 2018. The number of stations experiencing

June.

extremely low streamflow (rank between 1 and 6) expanded from 43 % in June to 68 % in July. Stations with more than
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30 % of their catchment covered by glaciers did not experienced streamflow drought during the summer due to the eentinueus
contribution of glacial melt water. In mid-August, heavy-preeipitation-high precipitation totals replenished rivers in western
and northern parts of the Nordic region, whereas extremely low streamflow persisted throughout 2018 in the-southeastern
parts. Groundwater drought peaked in August with 63 % of the stations experiencing extremely low groundwater levels (rank
between 1 and 6). The spatial pattern-and temporal patterns of groundwater drought as-it-developed-was-were heterogeneous,
and an interpretation of the patterns enly-first made sense when looking at the groundwater depth and ‘respense-delay-delay in
groundwater response to precipitation’ combined. Extremely low groundwater levels emerged in the shallowest wells in June.
With time, extreme conditions were found in wells of increasing depth and response delay, and by the end of 2018, 38 % of the
wells stil-had extreme low groundwater levels. The high local variability observed in the development of groundwater drought
in 2018, highlights the care and awareness needed when analysing groundwater drought at the regional scale based on local
well data that-variesin-depth-and-with different site characteristics.

The leading modes of Nordic summer streamflow variability (1959-2018revealed—a—distinetion—) revealed two distinct
patterns in summer streamflow variabilitybetween—; one in the western/northern part and one in the southeastern part of the
region. As identified by composite maps of summer geopotential height anomalies, high-pressure systems centred over the
Norwegian Sea and the North Sea were associated with low summer streamflow in the western/northern and southeastern part
of the Nordic region, respectively. In both cases, significant high-pressure systems ovetlay-overlaid the region experiencing low
summer streamflow, emphasising the important link between streamflow variability and large-scale atmospheric circulation.

The complexity of the 2018 drought event as revealed by the large variability in drought characteristics seen across space
and time in the Nordic region, serves as yet another example of the care needed when analysing drought in different com-
ponents of the hydrological cycle. The diversity, caused by high local variability in terrestrial properties, imphes-a-different
response-Teflects different responses to the meteorological forcing and thus, different footprints of meteorological and hydro-
logical drought. As the majority of drought impacts are felt on the ground, and thus more directly related to hydrology than

meteorology, it is important to incorporate variables other than weather alone, when characterising drought.
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Table 1. Reports and news articles about 2018 heat and drought related impacts. The impact categories follow the EDII Impact categorisation
Stahl et al., 2016).

Ref. Region Publisher URL (last aceessylzastupdateupdated/last accessed)
category R
Europe
Joint Research Centre, https://op.europa.eu/en/publication-detail/-/publication/
a  Wildfires Europe

European Commission  435ef008-14db-11ea-8c1f-0laa75ed71al/language-en
(29.11.18/24.03.20)29-H-18

. Agriculture and Rural Eurepean-Ynten-https://ec.europa.eu/info/news/drop-eu-
Agriculture and European
b Development, cereal-harvest-due-summer-drought-2018-oct-03_en

livestock farming  Union
Rt European Commission  (31.10.19/24.03.20)34-4049

Reuters E www.reuters.com/article/us-europe- grains-analyst/analysts-
uropean
c Agriculture and Uni P 24-63:20)Reuters cut-eu-wheat-crop-outlook-again-on- catastrophic-north-
nion
livestock farming idUSKBN1KUISE (09.08.18/24.03.20
Eurenews
www.euronews.com/2018/08/10/explained-europe-s-
Agriculture and
d Europe {24-03:20)-Euronews devastating-drought- and-the-countries- worst-hit
. (12.08.18/24.03.20)
Sweden-https://www?2.jordbruksverket.se/download/18.
Agriculture and Swedish Board of
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and hydrological drought. All indices are calculated on a monthly basis.

Table 2. Variables, extremeness indices and spatial coverage used to characterise the 2018 meteorological situation, meteorological drought

Variable(s)

Extremeness index

Spatial Coverage

Meteorological situation

Europe and
2018 anomaly (in degree Celsius) relative
Sea Surface Temperature (SST) surrounding
to +98+-2606-1971-2000 )
regions
) ) ) ) Europe and
Geopotential Height at 500 mb 2018 anomaly (in meters) relative to )
surrounding
(HGT500) 1971-2000 )
regions
) 2018 anomaly (in standard deviations from  Europe and
Geopotential Height at 500 mb )
the mean) relative to 1959-2018 for surrounding
(HGT500) . .
European subdomains regions
Rank of 2018 based on highest 1959-2018
Maximum Temperature (Tx) ) Europe
maximum temperatures
o Rank of 2018 based on lowest 1959-2018
Precipitation (P) L Europe
precipitation
Meteorological drought
Fhree-months-Three-month Standardized
Precipitation Precipitation Index (SPI3) of 2018 relative =~ Europe
to 1971-2000
Precipitation, and Minimum, Fhree-months-Three-month Standardized
Maximum and Mean Precipitation Evapotranspiration Index Europe

Temperature (SPEI3) of 2018 relative to 1971-2000
Hydrological drought
Norway, Sweden,
Rank of 2018 based on lowest 1959-2018
Streamflow Finland and
streamflow
Denmark
Rank of 2018 based on lowest 1989-2018 Norway and
Groundwater
groundwater level Sweden
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SST anomaly 2018 HGT500 anomaly 2018
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Figure 3. Left panel: Sea Surface Temperature (SST) anomalies for (a) May, (b) June, (c) July and (d) August 2018 relative to the reference
period +98+-26061971-2000. Right panel: Geopotential Height at 500 mb (HGT500) anomalies for (¢) May, (f) June, (g) July and (h) August
2018 relative to the reference period 1971-2000. Zonal and meridionfbwind at 500 mb level are added to indicate wind directions.
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Figure 4. (a) Geopotential height at 500 mb (HGT500) shown as standard deviation (std) of aggregated May—August 2018 based on the 60-
year period (1959-2018) for subdomains of 20° fenlongitude/tat-latitude throughout Europe, shifted 2.5°at a time. The coloured squares are
the center points of each subdomain. This is illustrated for one subdomain over Scandinavia, with a large square and a small square marking
the subdomain’s border and centerpoint, respectively. (b) Aggregated May—August HGT500 1959-2018 time series for the Scandianvian

subdomain marked in (a).
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May June July August

Highest temperature

Lowest precipitation

Rank of 2018

Figure 5. Top-six ranking of 2018 highest temperature (monthly mean of daily maximum temperature) for (a) May, (b) June, (c) July and
(d) August, and top-six ranking of 2018 lowest precipitation for (¢) May, (f) June, (g) July and (h) August. Analysed period is 1959-2018. A
rank of one signifies that 2018 had the warmest (in the case of temperature) or driest (in the case of precipitation) month since 1959, a rank

of two signifies that 2018 had the second most extreme value in that month, etc.
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SPI3

SPEI3

SPI3 and SPEI3

Figure 6. Meteorological drought 2018 indexed by SPI3 for (a) May, (b) June, (c) July and (d) August, and SPEI3 for (e) May, (f) June, (g)
July and (h) August. Reference period used is 1971-2000.
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Figure 7. Top-six ranking of lowest streamflow for (a) May, (b) June, (c) July and (d) August, and top-six ranking of 2018 lowest groundwater
level for (e) May, (f) June, (g) July and (h) August. Analysed period is 1959-2018 for streamflow and 1989-2018 for groundwater. A rank
of one signifies that 2018 had the lowest monthly streamflow since 1959 (upper panel), or the lowest groundwater level in that month since

1989 (lower panel). A rank of two signifies that 2018 had the second most extreme value in that month, etc.
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(c) Rank of lowest groundwater level each month 2018
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Figure 8. (a) GroundwaterDelay in groundwater response to precipitation, (b) mean 1989-2018 groundwater depth below surface, and (c)
top-six ranking of lowest groundwater level in each month of 2018 plotted with each well’s delay and mean depth along the x-axis and y-axis,
respectively. Two wells, one with delay of 1500 days and one with mean depth of -13.4 m, are outside the range of the ranking plots. Those
two wells have-had no rank of 1-6 in April-December 2018.
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EOF analysis of summer streamflow
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Figure 9. Empirical Orthogonal Function (EOF) analysis based on aggregated summer (June—August) standardized-standardised and de-
trended streamflow (1959-2018). Maps (a—c) show the EOF loadings and time series (d—f) show the three first principle components (PCs).
The explained variability of each mode is given in brackets in the corresponding EOF plot. For each of the PCs, years with absolute values

larger than one standard deviation (std) are highlighted as high (positive values) and low (negative values) anomaly years.
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Figure 10. Composite maps of summer (June—August) Geopotential height at 500 mb (HGT500) anomaly relative to 1971-2000 for the first
three PCs. High and low composites maps are shown, representing years with (positive and negative) values more extreme than one standard

deviation in the corresponding PC time series.
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Appendix A

Streamflow regimes shown in Fig. 1 are calculated following the regime classification of Gottschalk et al. (1979), which
consists of five main classes: Mountain, Inland, Transition, Baltic, and Atlantic regime. The classification is based on when
high and low monthly streamflow typically occur during the year. Exact periods of low and high flow occurrences for each
class are not provided in Gottschalk et al. (1979). Thus, we had to make choices regarding which months to be included for the
definition of each class. Specifically, we calculated the 1959-2018 average-mean streamflow for each month, and classified the

stations as follows:

— Mountain regime is characterised by the two months of lowest flow occurring in winter or early spring due to snow

accumulation, and the three months of highest flow occurring in spring or early summer due to snow melt. Because the
snow melt season typically occur later with increasing altitude or latitude, a somewhat generous period for snow melt
was applied. Mountain regime was assigned to stations with the two lowest monthly flow in January—April and three
highest monthly flow in March-August. November and December were not included in the low flow season because
none of the streamflow stations had the minimum or second minimum flow in these months. Whereas most Mountain
regimes in this study had a distinct maximum flow in May or June, three of them had a later and less distinct peak in
July. The later high flow peak is explained by the contribution of melt water from glaciers, which cover more than 30 %

of the catchment of these three stations.

Inland regime also have low flow during winter or early spring and high flow during snow melt, however, the second or
third highest monthly flow occur during rainfall in autumn. Thus, the same months as for Mountain regime were used to

define low flow period and snow melt period, whereas the autumn period was defined as September—November.

Atlantic regimes have the highest monthly flow in autumn or winter due to rainfall, and the two months with lowest
flow during summer or autumn due to high evapotranspiration and/or low precipitation. Atlantic regime was assigned to

stations with the highest monthly flow in September—February and the two lowest monthly flows in June—October.

Baltic regime have the same definition of the low flow period as Atlantic regime. However, either the second or third
highest monthly flow occurs in September—February, whereas the highest flow occur during the snow melt period, here
defined as March—May.

Transition regime was assigned to stations that was not assigned to any of the other regimes, and is an intermediate

regime between Inland and Baltic regime.

30 The groundwater regime classification in Fig. 2 is based on the classification of groundwater fluctuation patterns by Kirkhusmo

(1988) who divides groundwater fluctuation patterns into three idealised regions, with the possibility of a time shifted version
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of each fluctuation pattern. Region I represents groundwater levels reaching their maximum in late winter or early spring and
their minimum in late summer (similar to Atlantic streamflow regime), Region II consists of groundwater levels with two
annual maxima and two annual minima (similar to Transition streamflow regime), and Region III represent groundwater levels
with a minimum just before the snowmelt, and a maximum after the snowmelt (similar to Mountain streamflow regime). In

this study, we calculated the 1989-2018 average-mean groundwater level for each month and defined the classes as follows:

If the three months with highest groundwater level occur in October—April or in January—May and the three months with

lowest groundwater level occur in June—December, the groundwater station was classified as belonging to Region I.

— If the three months with highest groundwater level occur in April-July and all the three months with lowest groundwater

level occur in December—May, the station was classified as Region II1.

— If instead of during April-July, the three months with highest groundwater level occur in May—November, and the three
months with lowest groundwater level still occur in December—May, we assumed a time-lag effect and the station was

classified as Region III delayed.

— If neither of the above, and the groundwater level have two minima and two maxima during the year, the groundwater

station was classified as Region II.

— For the remaining three stations, the three months with highest groundwater level occurred in April-July and the three
months with lowest groundwater level occurred in October—January, and these stations were classified as Region I de-

layed.

A3
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Figure Al. Monthly Sea Surface Temperature (SST) anomalies throughout 2018 relative to the reference period +98+-26661971-2000.
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Figure A2. Monthly geopotential height at 500 mb (HGT500) anomalies throughout 2018 relative to the reference period 1971-2000.
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Figure A3. Left panel: Geopotential height at 500 mb (HGT500) shown as standard deviation (std) of (a) May, (b) June, (c) July and (d)

August 2018 based on the 60-year period (1959-2018) for subdomains of 20° lenlongitude/tat-latitude throughout Europe, shifted 2.5°at a

time. The coloured squares are the center points of each subdomain. zlllis is illustrated for one subdomain over Scandinavia, with a large and

a small square marking the subdomain’s border and centerpoint, respectively. Right panel: HGT500 1959-2018 time series of (e) May, (f)

June, (g) July and (h) August for the Scandinavian subdomain. Note the different ranges of the y-axes.
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Figure A4. Top-six ranking of 2018 monthly highest temperature (monthly mean of daily maximum temperature) relative to the period

1959-2018.
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Figure AS. Top-six ranking of 2018 monthly lowest precipitation relative to the period 1959-2018.
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Figure A6. Monthly meteorological drought indexed by SPI3 throughout 2018 relative to the reference period 1971-2000.
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Figure A7. Monthly meteorological drought indexed by SPEI3 throughout 2018 relative to the reference period 1971-2000.
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Figure A8. Top-six ranking of 2018 monthly lowest streamflow relative to the period 1959-2018.
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Figure A9. Top-six ranking of 2018 monthly lowest groundwater level relative to the period 1989-2018.
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