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Summary

The work presented in this report is a part of a project with the purpose to
calculate water balance and discharge of nutrients to open sea areas in Den-
mark around year 1900 (1890-1910). Based on digitized observations spatially
distributed meteorological variables are provided for hydrological modelling
of water discharge. Rain gauge observations have been subject to correction
for different biases such as undercatch caused by wind turbulence, but not all
the observations required for the bias correction were available. A climatolog-
ical rain rate was assumed, precipitation type was calculated from dry air tem-
perature, and wind speed at station level was calculated by interpolation. No
information about station environment was available, and assumptions were
therefore made about the general shelter conditions.

Discharge data are not available before 1917, thus corrected precipitation and
modelled discharge around year 1900 cannot be verified. As discharge data
are available after 1917, the period 1917-1950 is chosen as a validation period,
and it is assumed that the conditions during this period are comparable with
the period 1890-1910.

Regional and national water balance errors have been used to determine the
most likely general shelter conditions. A general water balance error of 3 %
for the verification period 1917-1950 suggests that the national values for cor-
rected precipitation are realistic, but this is not the case at a regional scale. It
is assumed that the spatial distribution of rainfall around year 1900 has not
changed significantly over the years. The spatial distribution of amount of
rainfall in a reference period 1989-2010 has therefore been transferred to the
period 1890-1910 by using monthly climate factors (delta change) based on
the relation in corrected rainfall between the two periods.

Around the year 1900, precipitation more often fell as snow, the annual cor-
rection level was generally higher at 22.9% per year compared to 15.0% for
the reference period, all seasons were colder, and corrected rainfall amount
was smaller. Around the year 1900, rain was measured with a Fjord rain
gauge, and snow with a special snow gauge. In the 1910s, these gauges were
replaced with the Hellmann gauge. The wind effect for the Fjord and snow
gauge is unknown but is assumed to be the same as for Hellmann. It has not
been possible to evaluate the significance of this difference.

Verification of climate data shows that monthly and annual values of temper-
ature and precipitation are reasonably well in line with official climate values,
but with a larger uncertainty at regional/local level. It is difficult to verify
wind speed, but it is known that manual observation can be a source of un-
certainty. In a parallel project manual wind speed observations have been cor-
rected for homogeneity problems, and a trend adjustment has been applied
using geostrophic wind speed. Based on uncorrected wind data, delta change
was calculated at 0.931 per year (773 mm yearly corrected rainfall which is 60
mm less than 1989-2010). The corrected wind data show that the uncorrected
wind around year 1900 is probably overestimated resulting in a 2.7 % too large
value of delta change corresponding to 20 mm/year, which is at a reasonable
level given the different assumptions and uncertainties.



Preface

This project is financed by the Danish Ministry of Environment and food and
is a part of a larger project investigating the transport of nutrients from land
to the sea around Year 1900. The overall report will be available in 2021, but
as the results on climate variables around year 1900 are used in various other
projects, e.g as input to the marine models used in River Basin Management
Plans 2021-2027, there is a need to provide documentation of the methods and
results before that.

This research note present best estimates of spatially distributed data on tem-
perature, wind speed and precipitation around year 1900. These data are used
in the overall project as input to the DK-model, that model water runoff to the
sea.

The data presented in this research note have been collected and analyzed
during the main project and will therefore also be included as a chapter in a
final report on the transport of nutrients from land to the sea around year
1900.

The final report will however undergo international peer review, which might
result in modifications to the current text.



1 Introduction

The work described in this report is a part of a project with the purpose to
calculate water balance and discharge of nitrogen and phosphorus to open sea
areas in Denmark around year 1900, i.e., the period 1890-1910. The objective
of this study is to provide this project with spatially distributed estimates of
required meteorological variables to support the hydrological modelling of
water discharge. The content of the present report will be included as a chap-
ter in a final report on the transport of nutrients from land to the sea around
year 1900. As no discharge data are available before 1917, it is not possible to
validate modelled discharge around year 1900. Therefore, the period 1917-
1950 is chosen as a validation period, and it is assumed that the condition
during this period is comparable with the period around year 1900.

A limited number of digitized daily or monthly data in DMI's database has
motivated digitization of a large number of climate data. The specific goal of
the climate data activity is:

1) to collect and digitize historical meteorological data 1890-1950,

2) to develop an approach for bias correction of historical rain gauge data, an

3) to establish data series of bias corrected rainfall, air temperature and wind
speed for a suitable number of inland stations evenly distributed in Den-
mark, also with data for Southern Jutland before 1920, and

4) to validate uncertainty of calculated climate variables around year 1900,
and to compare results with official monthly and yearly climate values
from the Danish Meteorological Institute.

Based on these data, 10x10 kmz2 fields of bias adjusted precipitation and 20x20
kmz2 temperature fields are established for calculation of evaporation which is
climate data input to hydrological model run for the period 1914-1950 for
evaluation of water balance (description of method and results will be pub-
lished in the final project report). Finally, the goal is to refine or develop a new
approach for bias correction of rain gauge undercatch if the modelled water
balance is not sufficiently accurate.

Measurements of precipitation

The measurement of precipitation is recognized as a challenging problem and
uncertainties on rain gauge measurements have been widely reported. Pre-
cipitation measurements are affected by systematic errors, which lead to un-
derestimation of the true precipitation for rain (e.g. Sevruk, 1979) and, espe-
cially, for snow (e.g. Groisman and Legates 1994; Yang et al. 1995). Field ex-
periments have shown that wind speed is the most important factor for this
undercatch on rain gauge observations (e.g. Sevruk and Hamon, 1984).

The interaction between a rain gauge, the wind flow and precipitation parti-
cles falling through the air is complex. The undercatch is related to the defor-
mation of the wind field due to the geometry of the rain gauge (Sevruk et al,
2009), and the wind flow around the gauge opening is getting more turbulent
causing a proportion of the particles not to be collected by the gauge. The in-
stallation height of a rain gauge is important due to the logarithmic wind pro-
file, as was already demonstrated in the 1700s (Herberden, 1769).



The design and geometry of a rain gauge is of great importance for its aero-
dynamic properties and ability to measure precipitation, e.g., shown by wind
tunnel experiments (Nespor, 1993), and modelling of the air flow around rain
gauges also showed systematic differences related to the gauge geometry
(e.g., Colli et al, 2018). Wind tunnel experiments have shown that even the
opening area of a gauge and the length of the rim may affect the undercatch
(Sevruk, Hertig and Spiess, 1989). Turbulens around the gauge opening is the
primary cause of undercatch and it is not surprising that rain gauges of dif-
ferent construction installed at the same site frequently observe different pre-
cipitation amounts.

Precipitation measured by a rain gauge is subject to other systematic errors
such as evaporation and wetting the magnitude of which depends on the type
of rain gauge (Sevruk and Hamon, 1984). Evaporation loss is the water lost
before the observation is made, and wetting loss is water adhered to the inner
walls of a rain gauge that is subject to evaporation after a precipitation event
and from the gauge after its emptying. The wetting loss from manual gauges
varies with precipitation type, gauge type and the number of emptying times
(Goodison, Louie and Yang, 1998).

Precipitation is an important parameter in hydrological modelling and stud-
ies of the water cycle, and sustainable water balance monitoring requires
availability of accurate precipitation data. It is necessary to apply correction
for the different losses on measured precipitation to acquire reliable calcula-
tions of the water balance (e.g., Plauborg et al, 2002).

Organised by the World Meteorological Organisation (WMO), great efforts
are made to conduct field tests and establish models for correcting sources of
error on measured precipitation. Three international rain gauge intercompar-
ison projects have been carried out with measuring fields established in many
countries. Different approaches have been developed for undercatch correc-
tion of liquid (Sevruk, 1982, Sevruk and Hamon, 1984) and solid precipitation
(Goodison, Louie, Yang, 1998). DMI participated in the second international
rain gauge comparison on liquid precipitation (1969-1984) and the third one
on solid precipitation (1985-1998). A comprehensive correction model was de-
veloped which elegantly combines sub-models for rain, sleet, and snow in one
and the same equation (Allerup, Madsen and Vejen, 1997) by which bias cor-
rection is conducted if information is available about wind speed, rain inten-
sity, dry air temperature and proportion of precipitation fallen as snow.

An important part of the work is to apply bias correction to the observed pre-
cipitation, but several data required for this was not available around year
1900 such as shelter information at rain gauge stations and rain rate, wind
speed was manually observed, and the observation frequency was low. A
method is developed to come around these challenges. The corrected precip-
itation estimates that are included in the hydrological modelling are based on
a range of meteorological data including manual wind speed as it was ob-
served. Subsequently, it has become possible to correct the wind speed for a
number of errors. The improved wind data has finally been used to examine
the sensitivity of the corrected precipitation estimates.



1 Up to 15-16 climate stations.

2 Data and methods

2.1 Data

Monthly wind speed and daily temperature data for the period 1890-1950, and
daily rain gauge data for the period 1913-1950, was published in analogue form
in monthly or annual weather reports (DMI 1890-1950), and it is assumed that
these data have been subject to quality assurance before publication, even
though no documentation for methodology is found. Results based on these
data will later in the report be evaluated against official climate values. Oppo-
site to this, rainfall data from 1890 to 1913 are in the form of original observer
reports (Rigsarkivet). From experience at DMI it is known that data of this form
has not been subject to quality control. Quality assurance of such a huge amount
of data is an extremely large task which is beyond the scope of the project, so
only simple checks have been carried out, i.e., values exceeding certain thresh-
olds are automatically flagged as suspicious or in error. It is assumed, that after
this simple quality control these data are of required quality.

Since some of the stations are not registered in DMI's metadata database, the
approximate position of the stations could only be determined from the sta-
tion name. There is therefore a minor uncertainty in the position of some of
the stations. It is considered that this is acceptable, as the alternative would be
exclusion of data and increased uncertainty of estimated precipitation fields.

Daily values of maximum and minimum temperature for a limited number of
climate stations?, and daily values of measured precipitation for many rain
gauge stations? have been digitized. It has not been possible within the re-
sources of the project to digitize daily wind speed. Instead, monthly mean
values have been digitized for a minor number of wind stations.

While the precipitation stations are evenly distributed, the 8-12 wind speed
stations are primarily coastal stations. Until 1913 there are only 8 stations with
wind speed, including one inland station. Later, the number increases to 11-
12, of which approx. 6 inland stations are available. See example for 1900 and
1930 in Figure 1. Stations with temperature measurements are evenly distrib-
uted with both coastal and inland stations, and the number of stations is for
almost the entire period approx. 20 with up to 9 inland stations (Figure 1). The
number of digitized precipitation stations increases from approx. 80 in 1890
to about 130 in 1913 including stations from Southern Jutland, but already in
1919 there are about 270 stations, a number that is almost constant until 1950.
In Figure 2 is shown the spatial distribution of precipitation stations in the
two periods 1890-1910 and 1914-1950. In the period 1890-1910 there is a lack
of precipitation data in the northern part of Jutland, and there are regions with
a relatively sparse rain gauge network. The rain gauge density is much higher
in the period 1914-1950, but the network is slightly in-homogeneous with
smaller areas of lower coverage.

2 Number of rain gauge stations increasing from approx. 80 in 1890 to 270 after 1919.
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Figure 2. Statlons with preC|p|tat|on in the period 1890 1910 (Ieft) and 1914 1950 (right).

Precipitation amount was measured with the so-called Fjord rain gauge up to
the 1910s for measurement of rain, and for snow measurements, a zink bucket
was used (hereafter called snow gauge). In the period 1910-1925 there was a
gradual replacement with the Danish Hellmann gauge (Brandt 1994), which
was the cornerstone of the DMI's rainfall network until 2011. For many years,
it has been standard to measure the precipitation 1.5 m above ground level
with the Hellmann gauge. However, observation practice in the beginning
was to place the Fjord and snow gauge at 2 m height (DMI 1875). It is not
known how long time this practice lasted, but it can reasonably be assumed
that it gradually stopped during the transition to the Hellmann gauge.

The wind speed V is visually observed throughout the period. Until the end of
1910 it is given by the so-called Danish Land scale which has 7 levels (0-6) (Kris-
tensen and Frydendal 1991). Hereafter, the well-known Beaufort scale (level 0-
12) is used. At Meteorological Institute in Copenhagen the wind speed is given

9



in m/s for the period 1890-1893. When correcting for wind induced bias on pre-
cipitation measurement, V must be given in m/s. Therefore, a method is devel-
oped for conversion of Danish Land scale and Beaufort to m/s.

The official WMO Beaufort scale was adopted in 1946 and is called the WMO
Code 1100. It is based on a scale defined in 1906 (Kaufeld 1981). Based on a
large set of corresponding Beaufort observations and anemometer measure-
ments of wind speed, WMO (1970) reported that this scale is biased; (1) at
wind speeds > 8 (Beaufort), the scale indicates too high wind speeds, and (2)
at wind speeds < 5 (Beaufort), the scale underestimates by 10-20%. These re-
sults are based on wind field analyzes over oceans. Therefore, a new scale
CMM 1V has been proposed. Officially, the WMO holds on to the WMO Code
1100 scale but recommends using the CMM 1V scale in scientific studies
(WMO, 1970). Intervals in m/s for both the two Beaufort scales and the Danish
Land scale in Kristensen and Frydendal (1991) are shown in Table 1.

Table 1. Definition of the Beaufort scales WMO 1100 and CMM IV (WMO, 1970), and the Danish Landscale (Kristensen and
Frydendal, 1991). Lower limit of each level is given in m/s.

Level 0 1 2 3 4 5 6 7 8 9 10 11 12
Beaufort WMO 1100 0 0,3 1,6 34 5,5 80 108 139 172 20,8 245 285 327
Beaufort CMM 1V 0 1,4 2,8 4,6 6,7 90 11,4 139 165 193 225 26,1 30,1
Danish Landscale 0 2 6 10 15 20 30
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2.2 Correction of rainfall measurement for wind induced bias

Many models have been proposed for correction of rain gauge observations
for wind induced bias (e.g., Goodison, Louie and Yang 1998), but for correc-
tion of rainfall measurement in Denmark, the so-called "comprehensive
model" is used, which elegantly combines the correction of solid, mixed, and
liquid precipitation into one and the same model (Allerup, Madsen and Vejen
1997). According to this model, the correction factor K is given by:

K,=ak(V,T)+1-a)k (V1)

Here, K, = correction factor for the precipitation type a, where a = an index
indicating the proportion of precipitation fallen as snow. ks = correction factor
for snow which is a function of the average during precipitation of wind speed
V and air temperature T, while k, = correction factor for rain that is a function
of V and rain rate I. In the exact expressions seen below, f, £, [, [ for snow
(Allerup, Madsen and Vejen, 1997) and yo, y1, y2 y3, ¢ for rain (Allerup and
Madsen 1980, Farland et al 1996) are empirical constants (values not shown
here, but see the references):

ks _ eﬂo+ﬂ1~v+ﬂ2~T+,B3~V~T and kr =e7/0+7/1~v+72~lnl+73~V~Inl+c

It is not possible to calculate V and T during precipitation with the time reso-
lutions available in the old data. Furthermore, daily values of V are not avail-
able in the digitized data set. Therefore, it is assumed that monthly values of
V and daily values of T can be used, although this may give rise to systematic
errors or larger uncertainty. For each rain gauge station, V is interpolated from
the network of wind stations (see later).



Hellmann

The design of a rain gauge is of great importance for its aerodynamic proper-
ties (Sevruk and Klemm 1989a), and the empirical constants are related to the
type of rain gauge. The design of the Fjord and snow gauges is quite different
from the Hellmann gauge, e.g., the collecting area is larger (1000 cm? opposite
to 200 cm? for Hellmann) and the shape is different. In fact, their measuring
ability is unknown. It is assumed that the two gauges have the same aerody-
namic properties as Hellmann, and the same empirical constants as for Hell-
mann are used. Figure 3 shows the probably only existing copy of a Fjord rain
gauge, and a drawing of the snow gauge, together with a Hellmann gauge.

2.3 Wetting and evaporation

The Hellmann gauge is designed so that the evaporation loss from the interior
of the gauge is negligible, i.e., in the order of 1,5-2,0 mm per year. The under-
catch for the Fjord gauge is assumed to be the same as for Hellmann, although
its design probably causes a larger evaporation loss than for Hellmann. The
average wetting loss is determined for the Hellmann gauge as a function of
season and precipitation type in mm/day (Allerup and Madsen 1979, 1980,
Vejen, Madsen and Allerup 2000, Elomaa FMI (Finnish Meteorological Institute)
pers. komm.). It is assumed that these tabular values can be used for the Fjord
gauge, although its wetting properties are unknown.

Fijord Snow gauge

Figure 3. The Fjord rain gauge and the snow gauge were replaced by the Hellmann gauge during the period 1910-1925 (Brandt
1994), Photo: F. Vejen. Drawing: Brandt (1994).

2.4 Rainrate

In the rain gauge data 1890-1950 there is no information on rain rate, I. It is
assumed that seasonal-dependent climatological values of | (Table 2), which
are based on measurements of precipitation in Denmark over the period 1959-
1974 at 4 stations (Madsen and Allerup pers. comm.), are representative of
1890-1950. It may be a source of uncertainty that changes in rain climate may
have affected the level and frequency of rain intensities.

Table 2. Climatological values of rain rate [mm/h], /, based on measurements at 4 weather stations in Denmark over the period
1959-1974 (tabular values from Madsen and Allerup, pers. comm.).

Month J

M A M J J A S o N D

Rain rate 1,12

1,18 1,38 2,01 2,46 3,01 2,90 2,26 1,71 1,37 1,26




Figure 4. Conversion of Beaufort
scale CMM 1V, and Danish Land-
scale to m/s. Red line: model for
conversion of Beaufort CMM IV
to m/s. Green line: model for con-
version of Landscale to m/s.
Blue, red and green dots shows
interval center of each wind scale
number. B = Beaufort level num-
bers, L = Landscale level num-
bers.
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2.5 Conversion of Danish Land scale and Beaufort wind
speed tom/s

The model for bias correction of rainfall requires that the wind speed, V, is
given in m/s at rain gauge level. V is the parameter that has the largest effect
on rainfall bias, so it is particularly critical to solve the challenges with the
manual observations of wind speed. Visual observation of V in Beaufort or
Danish Land scale is primarily based on a human assessment of the wind's
impact on smoke, flags, pennants, windmills, buildings, and vegetation. It is
therefore uncertain which height above ground level V represents. Moreover,
individual differences in the observers' experience will have an impact on the
observations of V. To apply this type of observation, solutions to the basic
challenges must be found; (1) conversion to m/s, (2) determining which
height above ground level V represents, and (3) quantification of observation
inhomogeneity.

The CMM IV and Danish Land scale have been analyzed to create a general
model for conversion to m/s. It can be seen from Figure 4 that a 3 order
polynomial fits very well to these scales, where aj, az, 8z and as are constants:

Y/

s = 0(13\/ + 0:22\/ +aV +a,

It is assumed that the model can provide a reasonable conversion between
CMM 1V and Danish Land scale and m/s for any value of V. Figure 4 shows
the WMO Code 1100 scale to illustrate the over- and underestimation with
this scale.

Conversion of Beaufort/Land scale to m/sec
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2.6 Control of observed wind speed for representativeness
and homogeneity

Since the wind speed is manually observed there is no guarantee that data
reflects the correct wind speed or that the long-term variation, or trend, is cor-
rect. Furthermore, it is uncertain what height above the terrain the observed
wind speed represents. This may be critical since it is important for the bias
correction of observed precipitation to know the measurement height of wind
speed. It is not possible to control manual data against independent wind ob-
servations since parallel anemometer data do not exist for the period 1890-
1950 and is generally not available until after 1953.



Figure 5. Comparison of monthly
wind speed converted from Beau-
fort CMM IV for Hern-
ing/Studsgaard 1890-1950

(black) against wind speed meas-
ured with an anemometer (m/s) at
Karup 1953-2017 (blue).

Figure 5 shows a comparison between Herning/Studsgaard and Karup, and
the general wind conditions in the transition between the two periods 1890-
1950 and 1953-2018 appear to be approximately the same. A slight difference
between the two periods is seen which may be explained by the distance be-
tween the two sites. The same pattern is found at some but not all of the other
stations. The difference in average wind speed at the transition between the
two periods is close to a factor 1. If the offset is accounted for it is assumed
that V in Beaufort and Danish Land scale represents 10 m above ground level
at least for this station.

Herning/Studsgaard and Karup

« Herning/Studsgaard
o Karup (m/s)
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Wind speed {converted or measured) (m/s |
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1910
1620
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However, there are stations with a larger offset and one or more homogeneity
breaks. Sequences of clear homogeneity breaks in the manual data series were
identified for some of the stations. Homogeneous data series were found dif-
ficult to identify, and it may be too uncertain to use any of the series as refer-
ence data set for homogeneity control of other series.

A simple control of the reliability and subsequent adjustment of each wind
series is conducted by; (1a) searching for abrupt changes in wind speed, (1b)
data sequences with one or more well-defined and abrupt breaks are adjusted
up or down to fit the wind level before and after the break, (2a) comparing
with more recent anemometer data series from nearby weather stations to
identify and quantify possible offsets in the general wind speed level com-
pared to wind data after 1950, and (2b) adjust the series using an offset factor
calculated from the average homogenized wind speed before and after 1950.

The justification of (2) assumes that the overall wind climate in the period be-
fore and after 1950 is approximately equal. Only few studies of historical wind
climate in Denmark were found in the literature. The wind climate in the Lim-
fjorden for the period 1897-2003 is reported in Christensen et al (2006), and
the distribution of geostrophic wind velocity3, Vg, reported for five 25-year
periods over 1874-1987 generally shows only slight variations (Christiansen
et al 2006). It is difficult to conclude on systematic trends based on their re-
sults. In Kristensen and Frydendal (1991), frequencies of exceedances of Beau-

3 The geostrophic wind is the theoretical wind that would result from an exact balance between the Coriolis force and the
pressure gradient force. The true wind almost always differs from the geostrophic wind due to other forces such as friction
from the ground. Within certain uncertainties, geostrophic wind and surface wind are related to each other.



Wind speed /canveried or measured) [m/fs)

fort 6 and 9 have been calculated on a national level, but it cannot be deter-
mined from the results whether there is a systematic difference in wind speed
in the periods before and after 1950.

Figure 6 shows examples of correction of wind series from Bogg. Clear homo-
geneity breaks are seen in 1910 and 1953, and an offset in the general wind
level compared to anemometer series from Avng are identified. The station
environment of Avng and Bogg is quite similar while the station on Omg is
more exposed to the wind, thus Avng is considered more representative of
the station environment on Bogg. After correction for homogeneity break and
offset has been applied the total series seems more consistent and fits quite
well into the general level at the nearby station in Avng.

Bogg vs Avng and Omg Fyr Boge vs Avng and Omg Fyr
14
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Figure 6. Left: raw monthly wind speed for Boge converted from Beaufort CMM IV (red dots). Right: wind speed corrected for
breaks and offset for Boge (black dots). Wind speed for Bogg is compared with nearby anemometer measurements (m/s) at
FSN Avng (blue dots) and Omg Fyr (open blue circles).

Generally, the break and offset corrected values of V are assumed to represent
10 m above ground, and V is adjusted down to the height of the rain gauge
(1,5 and 2,0 m) using the logarithmic wind law as recommended by the WMO
(2008). Since there is no information on the actual height of the rain gauges at
the individual stations, it is assumed that the Fjord and snow gauge were gen-
erally installed with the orifice at 2 m height* above ground level until 1915,
and then replaced by Hellmann at 1.5 m height. There is no information on
the properties of the ground surface, e.g. if there is snow lying or a grass cover,
thus instead of the roughness parameter, the effective roughness length is
used in the wind law in the form of a general value of 0.25 similar to that used
in Refsgaard et al (2011).

Over the period 1890-1950, discrepancies can be found for some stations be-
tween the manual observations and the general trend of wind speed indicated
by Vg, but it has been necessary to assume that wind data reflect the true local
wind conditions, although this may not necessarily be correct for certain sub-
periods and series.

A more advanced method for controlling and possibly adjusting the old wind
data would be to use Vg as an independent data source for general trends in
wind speed, but it was not possible within the resources of the project to de-
velop a method for trend correction using V4. After completion of the correc-
tion of rainfall and hydrological calculations, analyses and trend correction of

4 Recall, that observation practice was to measure precipitation at 2 m level (DMI, 1875).
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5 Supported by DHI.

wind series were carried out in another project® and made available for this
project. The results are used as supplement to evaluation of wind speed and
corrected precipitation (3.6).

2.7 Correction for shelter conditions

It is common practice to adjust the wind speed for local shelter conditions.
The shelter adjusted wind speed, Vs, is found by adjusting the wind speed
at gauge heighth, Vi, by the expression Vsu=AVh, where A is a shelter correction
factor given by A=1-c-j (Sevruk 1988, WMO 2008). Here, 77 = the average height
angle to the top of the shelter given in degrees, and ¢ = a constant (c=0,024).

At DM, the shelter conditions are indicated by height angles in eight compass
directions, 7, where i ={1, ... ,8} corresponds to the wind directions N over S to
NW. A weighted average height angle, or shelter index, 1w, is then calculated
by weighting each 7 with the statistical frequency of winds from direction i.

DMl first began to measure height angles at rainfall stations in the 1960s. Since
shelter conditions can have great significance for the local wind speed and
thus the correction level, it has been necessary to make assumptions about
height angles for the period 1890-1950.

Already in the 19th century, the wind's effect on precipitation measurements
and the importance of shelter was well known (Brandt 1994). It is therefore
assumed that in the period 1890-1950 the same practice was used as today to
ensure good shelter conditions at rain gauge stations (neither too open nor
overprotected).

2.8 Adjustment of wind speed to represent days with precipi-
tation

A monthly wind speed value, Vi, probably does not represent the conditions
during precipitation periods since it includes dry days as well as days with
stable weather and low wind speeds. Presumably, the monthly wind speed
value for precipitation days Vmw is different from and higher than Vp, thus use
of Vi in the comprehensive bias adjustment model probably will result in too
low corrections.

It is examined using data from 1989-2010 whether there is statistical evidence
for conversion of V to a value that is more representative for rainfall days.
Monthly values of Vi, and Vmw were calculated based on daily values of V
weighted by the amount of precipitation. The results show (Figure 7) that
monthly values, Vi, can be corrected for bias and converted to Vmy using a
seasonal dependent adjustment factor, or ratio, k = Vimw/Vm. A seasonal de-
pendent tendency has been found that k decreases with an increased number
of precipitation days. Even though this relationship is noisy, it may make
sense to incorporate the number of monthly precipitation days in the calcula-
tion of k in future improvements of the method. This was not done in the pre-
sent project.



Figure 7. Calculation of bias be-
tween monthly value of V for all
days, Vm, and monthly value for
rainfall days, Vmw. The black dots
show the value for the individual
months, the red symbol shows
the mean bias, while the dotted
line shows the 1x standard devia-
tion of the monthly values of the
ratio k. The analyses are based
on wind and temperature data for
the period 1989-2010.
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2.9 Cadlculation of average temperature and precipitation
type

Daily observations of precipitation type t are not available in the historical
data set. A widely used model for the determination of t uses the air temper-
ature T, as an indicator of precipitation type, assuming that t = snow if T,<0
°C, t =rain if T, > 2 °C, and otherwise sleet, although this method may cause
bias between estimated and observed t (e.g., Feiccabrino et al 2013). T, is cal-
culated as daily average temperature, Ta= Tavg= (Tmax*+Tmin)/2.

It has been argued that a more realistic probability function for t can be ob-
tained by including air humidity (e.g., Harder and Pomeroy 2013), but this
parameter is not available, so only the simplified model is possible. Snow in-
dex a is calculated from T, by a=1 for snow, a=0 for rain, and a=-0.5 T, +1 for
mixed precipitation.

2.10 Calculation of 20x20 km? fields for wind speed and tem-
perature

For consistency reasons, the same interpolation principles are used as in
KlimagridDK, where the weighting is calculated in relation to 1/r2. Here, r =
the distance between a grid point and a weather station (Scharling 1999).

For the period 1890-1950, however, the number of stations with wind and
temperature data is quite limited, and especially for wind there are very few
inland stations. Since it is very uncertain to calculate spatial distribution of V
and T from so few stations, the interpolated values of T and V are adjusted
with a method inspired by Olesen et al (2000), in which distributed variables
are calculated even when the spatial resolution of the observation material is
limited. The method combines observations with fields that for each month
describe the relative spatial variation of V and T. These fields are incorporated
into the interpolation technique by which daily 20x20 km? fields of T, and
monthly of V, are calculated.

The established relative normal fields, y, in a 2020 km? resolution are based
on data for the period 1989-2017. The relative values, u(i,j), are used to adjust
interpolated values of temperature, T(i,j), or wind speed, V(i,j), in the formula
below given as F(i,j). In practice, the interpolated surface is lowered or raised
depending on the pseudo-climatological value in an arbitrary point (i, j). Es-
pecially for wind speed, it has the advantage that the interpolation, which is
largely based on coastal stations, is forced to lower values inland.
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Here, w = a weighting function, g = a gauge station g, N = number of stations,
F = measured (or observed) value of wind speed V, or temperature T at station
g, F(i,j) = value of T or V for a grid cell (i,j), and y(i,j) = the weighting function
for the relative spatial normal value for grid cell (i,j).

The weighting for the relative spatial distribution is given by:

My = Z Wi R(. ) (Z o(i, n]

Here, Ry = the relative climate value at gauge station of temperature T or wind
speed V, R(i,j) = the relative climate value of T or V for a grid cell (i,j), and w
= the weighting function previously defined.

It is assumed that the relative spatial distribution based on data 1989-2010 is
consistent with the period 1890-1950, since the spatial distribution is deter-
mined by physical and meteorological factors as well as terrain conditions
which are considered relatively unchanged over the period. Even though sys-
tematic changes in urbanization and vegetation over the period are seen, the
overall meteorological conditions are assumed to be relatively constant. How-
ever, the use of monthly normal fields for simulating spatial variations at
daily level increases the uncertainty of the interpolated values.

2.11 Bias correction of rain gauge observations

Correction of daily precipitation values from a specific rain gauge station uses
V and T from the nearest 20x20 km? field. The snow index a is estimated by
T. It is assumed that within a certain uncertainty margin interpolated and cli-
mate-weighted values of V and T represent the weather conditions at the pre-
cipitation stations, and that this approach therefore does not cause any signif-
icant systematic bias on the adjusted precipitation.

2.12 Calculation of 10x10 km? fields of observed and bias cor-
rected precipitation

Almost the same interpolation method as previously described is used as for
wind and temperature. The only difference is that rainfall is not adjusted with
a relative normal field. The interpolated field value for precipitation sum, P,
is given by:

N
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3 Analysis and results

This section analyzes and evaluates the calculations of temperature, wind and
precipitation, and the basic assumptions for bias correction of precipitation.
The evaluation is a challenge as there is no independent data for test of the
daily results. However, there are official national values of the meteorological
variables (DMI database), thus the evaluation can be done by examining
whether the interpolation of the meteorological variables can roughly repro-
duce the official monthly and yearly national climate values over the period.

At the Danish Meteorological Institute, official national values of T and Pn,
was previously (from the 1950s up to 2006) calculated as a simple average of
station values with data from Jutland weighted with 7/10 and data from the
islands with 3/10, and after 2006 based on grid interpolation of station data
(Cappelen 2019). Before the 1950s the methods used have not been published.
Since grid values calculated during this project are spatially distributed, in
contrast to the official national values before 2006, minor differences between
official values and grid calculations are expected. The possibility of assessing
the calculations of Py, and T relative to climate values are greater than for V,
since values for Ky, and T are historically based on a larger network of stations
than for V, e.g., the official normal for T for 1886-1925 is based on 30 evenly
distributed stations (Det Statistiske Departement 1964). The normal, or
pseudo normal, for V 1931-1960 and 1961-1990 is based on a relatively limited
number of coastal stations (Lysgaard 1969, Cappelen 2000), and official na-
tional values are not found.

In calculation of national averages of the meteorological variables in this pro-
ject, grid cells in coastal regions are given lower weight depending on the
fraction of land area.

3.1 Evaluation of temperature

The monthly grid values of T are generally close to the official values (Figure
8). Table 3 provides details of the regression between the two data sets. While
the official values are calculated based on many stations available at that time
(Cappelen, 2019), the grid method is based on a considerably smaller number
of stations. The interpolation method can reproduce the official monthly val-
ues with a high correlation, but it should be noted that grid values before 1920
are biased towards higher values, and for the period 1920-1950 towards
slightly lower values as illustrated in Figure 8. The explanation of the jump in
the general temperature level is that the relatively warm southern part of Jut-
land was not a part of Denmark before 1920, but it is included in the estimates
of grid temperatures.

Despite the difference in calculation methods, the results are reasonable on a
monthly level and the grid values of T are generally well in line with the offi-
cial values except that the lowest T values are slightly biased towards lower
values. On the other hand, the official values are assumed to be the truth even
though evaluation of these values is not available. However, larger uncertain-
ties are expected on a daily level because pseudo-climatological values are
used in the interpolation method.



Table 3. Statistics on gridded and official national values of temperature T for the two peri-
ods 1890-1919 and 1920-1950; bias of T given as Toias = Y ( Tgri— Tofficial), @bsolute bias
given as Toias = Y (| Tgrid — Tofficiall).

Year Month
Period Tria Totticial Thias Tabsbias R?
1890-1919 7,547 7,449 0,098 0,263 0,998
1920-1950 7,730 7,785 -0,055 0,228 0,998
Average temperature (monthly) vs official values Average temperature (year) vs official values
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Figure 8. Left: national monthly grid values of temperature vs official climate values. Right: national yearly grid values of tem-
perature vs official climate values

The method for calculating daily mean temperature probably gives rise to bi-
ased estimates. The daily variation of temperature depends on the solar radi-
ation, which varies with the season, and distance to the sea for a given loca-
tion. The method used for calculation of daily averages in this project, i.e.,
Tavg=(Tmax+tTmin)/2, is evaluated using temperature data for the period 1989-
2010. It is shown that compared to a mean temperature based on 24 daily ob-
servations, the method results in a seasonally dependent bias, at least for the
analyzed stations shown in Figure 9.

For bias adjustment of precipitation this temperature bias is of importance
only for months with probability of snow. Here, negative bias means that Tayg
will be slightly too low, and consequently the bias adjusted precipitation will
be a bit too high in the winter months. Figure 9 also suggests a difference be-
tween coastal (Skagen, H. Odde) and land stations (Karup), which is plausi-
ble, cf. that the sea influences the daily variation of temperature. If it is as-
sumed that Karup station is representative for inland stations, Tag will gener-
ally be underestimated in onshore areas, especially in the coldest months.



Figure 9. Average monthly bias
between two methods for calcula-
tion of daily average temperature
based on station data for the pe-
riod 1989-2010. The lines for one
inland and two coastal stations
show the absolute difference be-
tween average temperature
based on 24 daily observations
and average based on daily mini-
mum and maximum temperature.
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3.2 Evaluation of measured precipitation

Figure 10 shows monthly and yearly gridded values of measured rainfall
compared to official values. The scatter is probably due to difference in calcu-
lation methods. It is seen from the annual values (Table 4) that for the period
1890-1919 grid values marginally underestimate measured precipitation com-
pared to official values by 0,562 mm per month and with an absolute bias of
2,9 mm.

Measured precip (year) vs official values, 1890-1950
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Figure 10. Left: national monthly grid values of measured precipitation vs official climate values. Right: National yearly grid val-
ues of measured precipitation vs official climate values.
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Before 1920 the relatively wet Southern Jutland was not a part of the official
values, and it was therefore expected that the grid values would be slightly
higher than the official ones which is not seen in the results. For the period
1920-1950 the grid method results in approx. 10 mm more on an annual basis
than the official values corresponding to a monthly bias of 0,739 mm and an
absolute bias of 2,9 mm per month. The differences between grid values and
official climate values may be caused by the different calculation methods, but
the effect cannot be verified, as there is no documentation of the methodology
of the time (Cappelen, 2019).



6 DHI, www.dhigroup.com.

Table 4. Statistics on gridded and official national values of measured precipitation P, for
the two periods 1890-1919 and 1920-1950. Bias of Pr given as Pmpias) = Y (Pm(grid) —Pmoffi-
cia)), absolute bias given as Pmwias) = Y (| Pm(grid) — Pmofficiail) -

Year Month
Period Prn(grid) Prnofrician Prpias) Prn(absbias) R?
1890-1919 643,0 646,8 -0,562 2,865 0,980
1920-1950 670,4 659,8 0,739 2,909 0,978

In the absence of homogeneity tests for precipitation series, a larger uncer-
tainty must be expected in the calculated rainfall climate around the year 1900,
especially as the catch efficiency of the Fjord rain gauge is unknown compared
to Hellmann. The number of digitized rainfall series is large (approx. 630) and
it would be an insurmountable task to check and homogenize all of these
within the project. However, homogeneity control would be particularly rel-
evant for the transition between Fjord/snow gauge and Hellmann. In a study
of historical trends in rainfall in Central Jutland, it has been shown from 4
long time series of precipitation that there are up to several homogeneity
breaks and that there is only one homogeneous series out of the 4 series in the
period 1890-1950 (Karlsson et al 2014). In three of the series there were homo-
geneity breaks during the period of transition to Hellmann.

3.3 Evaluation of wind speed

There are no official national values for monthly or annual wind speed, V.
Prior to 1953, practically all wind data is given in Beaufort or Danish Land-
scale, and in the 1950s there are only a few stations with wind speed in m/s,
so evaluation can be done only on the basis of a few long time series of V.
Evaluation is done partly by looking at the continuity of V at the transition
from Beaufort to m/s, and partly by looking at the co-variation and trends in
manual series in relation to geostrophic wind velocity, V.

For some of the old data series, the trend for manually observed winds does
not perfectly match the general trend calculated as average for the most ho-
mogeneous series, at least for parts of the period 1890-1950. Evaluation of the
wind data by inter-comparison is probably subject to considerable uncertainty
as the homogeneity of many of the series is questionable and difficult to ver-
ify. Trend discontinuities and homogeneity breaks in the individual series
may partly be explained by different experiences and observation practices of
the observers, movement of stations, or by changes in the local environment.
The obvious uncertainty of manual wind observations may influence the gen-
eral estimates. Especially, wind speeds converted from Landscale is probably
subject to considerable uncertainty due to the limited number of wind classes
(0-6 levels).

A more advanced method for evaluation of the manual wind data is to use Vg
as an independent source for general trends and level of wind speed. After
correction of precipitation and water balance was finished, external funding®
made it possible to develop a methodology for trend correction and homoge-
nization of all wind series in the period 1890-1950 using trend information
calculated from Vg (the method is developed at DMI, will be published later).
Although uncertainty is associated with the calculation Vg and it is not related
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to surface winds, Vg is assumed to give a reasonable impression of the general
development of the wind climate and trends in the period 1890-1950.

Daily values of V4 were calculated for a long period of time (1874-2018) using
methods described in Alexandersson et al (1998). V, is based on pressure dif-
ferences between three stations. In the period 1974-1970 the stations Ham-
mershus, Nordby and Vestervig were used, and in the period 1961-2018 vari-
ous stations were used (Hanstholm, Thyborgn, Kegnaes, Seeddenstrand Fyr,
Rgmg Juvre, Hammer Odde and Christiansg Fyr). Analyses of V, were con-
ducted to get a picture of the overall trend in V over the historical period, and
to compare trends of V¢ with the corresponding Beaufort/Landscale trends.

Care must be taken when comparing geostrophic wind and surface winds.
While the calculated Vg represents a point, the surface winds shown in Figure
11 are averages for the whole of Denmark. The geostrophic wind is not a per-
fect measure of the surface wind, and e.g., stability, friction and gradient
winds influence the relation between Vg and the true wind near the ground
(see e.g., Luthardt and Hasse 1981). There are also spatial differences between
a point value of geostrophic wind and wind at individual stations.

Figure 11 shows monthly values of V for Denmark with and without trend
correction for 1890-1950 and values of V for 1989-2010s together with four
weather stations where V has been measured with anemometer since 1953.
The stations chosen are all inland stations while the grid estimates for Den-
mark are averaged over 20x20 km2 grid cells. No obvious homogeneity break
is seen at the transition from Beaufort to m/s in the 1950s. A comparison be-
tween trend corrected and uncorrected national values of 20x20 km? wind
speeds seems to indicate that Danish Landscale (1890-1911) is probably over-
estimating and the Beaufort scale probably underestimating V, at least in parts
of the period up to 1950 (Figure 11). This underlines the importance of trend
corrections, as the uncertainty of manual wind observations would otherwise
deleteriously affect bias correction of precipitation discussed later.

Evaluation of wind speed, 1890-2010 Annual values of geostrophic wind, 1890-1950
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Figure 11. Left: monthly wind speed for the period 1890-2010, national averages of 20x20 km? grid values and selected station

values. Red line: grid values not corrected for trends. Blue line: grid values corrected for trends using analyses of geostrophic
wind velocity, Vg. Black line: grid values for the period 1989-2010. Coloured bullets: station values. Stations are 06030 FSN Aal-
borg, 6060 FSN Karup, 6110 FSN Skrydstrup, 6180 Copenhagen Airport. Right: annual values of geostrophic wind based on
daily pressure data compiled in the EU project WASA (Schmidt et al 1997).
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The results of analyzes of homogeneity breaks and geostrophic wind (Figure
5, Figure 6 and Figure 11) show that the trend-corrected winds appear to re-
sult in a better indication of the historical wind climate than the initial uncor-
rected wind data. The indication of gradually increasing geostrophic wind
speed during the period is also reflected by the blue line in Figure 11 which is
not the case with the red uncorrected line. However, it is important to empha-
size that this must not be considered the result as the trend correction method
should be subject to further refinement and tests, and manually observed
winds be analyzed in more details in future studies to further optimize the
conversion to m/s.

3.4 Evaluation of shelter assumptions

Of the parameters needed for bias correction of rainfall, the lack of infor-
mation on shelter conditions is particularly critical, as the wind speed at gauge
height must be adjusted by the shelter correction index, #wgt, Which is gener-
ally not known at rain gauge station until the 1970s. Assumption of a nation-
wide constant shelter index may result in significant over- or underestimation
of bias corrected rainfall, locally, regionally, or nationwide. Streamflow values
are calculated by the national water resource model, the DK model, for a num-
ber of catchments using input of bias corrected precipitation data. To get an
idea of what would be the most appropriate index, the calculation of bias cor-
rected precipitation is iterated over various assumptions about shelter index,
fwgt. The effect on hydrological modelling is evaluated using streamflow gauge
stations, which are available over the evaluation period 1917-1950. The water
balance error, which is the absolute difference between calculated and meas-
ured streamflow at several streamflow gauge stations, is calculated for a num-
ber of catchments and is compared for the different shelter index assumptions.
The goal is to minimize the water balance error. A variety of shelter indices have
been used ranging from nationwide values to more regionally variable indices:

1) nwgt =19 nationwide,

2) nwe=12 nationwide,

3) a40x40 kmz2 shelter index model based on analyses of shelter conditions at
rain gauge stations over the period 1970-1995,

4) a pragmatic adjustment of the 40x40 km2 shelter model, a so-called quick
fix, where shelter values in certain regions have been modified to higher
or lower values to account for local water balance errors.

Bias adjusted precipitation for the period 1989-2010 has been calculated for
10x10 kmz2 fields (Vejen et al, 2014), and the estimates have been verified and
approved in relation to water balance estimates in NOVANA (Det Nationale
Overvagningsprogram for Vandmiljg og Natur). It is assumed that 1989-2010
can be used as a reference period against which the results for 1890-1910 and
1914-1950 can be compared and evaluated.

There is a clear seasonal variation in the correction level, K;, due to generally
higher wind speeds and increased frequency of snow during the winter sea-
son (Vejen et al 2014). Since T and a is causally related, and there is an indirect
coupling between T and V (because of generally higher V in winter and the
opposite in summer), analysis of the relationship between T and K, as function
of shelter index, 7wy, can give a reasonable impression of the overall correction
level and can be used as a measure to find the most optimal value of #ugt.
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The Fjord and snow gauge was replaced by Hellmann in the period 1910-1925,
and it is assumed that the Fjord and snow gauge makes up most of the station
network at least until 1915. As the quality of precipitation data 1890-1913 and
the error characteristics for the Fjord and snow gauge are unknown, evalua-
tion of #wgt is carried out only for the period 1914-1950. This prevents that bias
due to the properties of Fjord and snow gauge and quality issues until 1913
erroneously influences the conclusions. The evaluation is performed for sce-
narios of shelter and bias adjusted wind speed, Vi, i.e., recall that Vi, repre-
sents a monthly mean value for precipitation days.

The systematic relationship between monthly values of T and K is clear (Fig-
ure 12), and itis evident that a shelter index of about 12 causes the relationship
between T and K to be closer to the verification period 1989-2010 than e.g., an
index of 19. This suggests that the use of a nationwide shelter index = 12 ap-
pears to work quite well. In fact, the water balance error on a national level
(1917-1950) is quite low for this scenario with a value of 3%, which is accepta-
ble given the many assumptions.

Monthly values of T versus correctionlevel
1914-1950 versus 1989-2010 (indx=19, biascorr of V)
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Figure 12. A comparison of temperature and correction level (%) for monthly values of bias corrected precipitation for the refer-
ence period 1989-2010 and the period 1914-1950. Results are shown for two scenarios: (left) shelter index 12 and bias correc-
tion of V, (right) shelter index 19 and bias correction of V. Here, bias correction of monthly values of Vis done by using

mv=KkVm. The dotted line is a polynomial fit to the reference period, while the full line is the corresponding fit for scenario data.
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However, despite the good fit on a national level, water balance calculations for
the scenario show major errors on a regional scale with excessive water deficit
in Western Jutland and excess of water in the eastern part of Denmark. The as-
sumption of equal nationwide shelter conditions does not hold. Therefore, ex-
periments have been carried out with 40x40 km2 modelling of regional shelter
variations, but these models still yield large regional water balance errors.

The shelter “index 12 model” was then combined with a so-called quick fix to
obtain more reasonable regional estimates, e.g., a forced reduction of 10% is
applied to the adjusted precipitation sum for eastern part of Denmark. Addi-
tionally, local problems with water balance estimates were found especially
in Djursland and Als, and local changes of shelter index were applied in the
attempt to come up with more trustworthy results for these regions. None of



the scenarios did fully solve the problems with the large errors in regional
water balance.

3.5 Definition of delta change climate factor for precipitation
(Adm)

It was concluded that further experiments are needed to come closer to a so-
lution on the problems with regional water balance, but this is beyond the
resources of the project, thus it was decided not to use the “shelter index 12
model” for calculation of precipitation climate around year 1900. Neverthe-
less, since the water balance error at national level was at an acceptable inter-
val (%) for the period 1914-1950, it is assumed that the model assumptions
and setups will work with the same level of uncertainty for the period 1890-
1910 on national scale, but still with considerable uncertainty in water balance
on regional scale.

A pragmatic approach was then to use national values of corrected precipita-
tion to calculate monthly delta change climate factors, Apm, defined as the ra-
tio of historical (1890-1910), Pnis;, to present (1989-2010), Pyres, Values of cor-
rected precipitation:

A(Pm:Phist/Ppres

It must be noted that Apn is based on corrected precipitation for 1890-1910
calculated using the same bias-correction method and the same model setup
and assumptions as for 1914-1950. Historical and present precipitation is av-
eraged over all grid cells which all have been given equal spatial weight.

If it is assumed that the relative regional variations of precipitation amount
are identical for the two periods it may be reasonable to use the delta change
climate factors for projection of regional variations of present climate to the
period 1890-1910. This would imply that the temporal development in the cli-
mate is the same all over the country, which does not appear to be the case,
since the stream discharges varies differently between regions with increase
in discharge between 4 and 30% from 1935 to today (Transport on nutrients
from land to sea, report in prep.). Thus, the use of a general delta change fac-
tor, Apm, results in regional variations of the uncertainty in the calculated rain-
fall climate for this period, and probably also around year 1900. Despite the
differences in response, it seems reasonable to use the general Apm to adjust
the identified climate change.

3.6 Analyses on the effect of wind speed and shelter index
on corrected precipitation

As previously shown, there is uncertainty associated with the calculation of
wind speed and conversion from Beaufort and Danish Landscale to m/s. It is
difficult to quantify how much this contributes to the uncertainty of corrected
rainfall. Experiments have been carried out in which the converted wind has
been applied a correction for trend estimated based on geostrophic wind, V.
The results for Vg suggest that V is somewhat too high during the period of
Danish Land Scale observations (1890-1911), while trend adjusted winds for
1912-1950 on average are close to the level without this correction, but with
underestimation in certain periods (see section 2.6). Note, that all analyses in
this section, grid cells in coastal regions have been given lower weight de-
pending on the fraction of land area.
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Sensitivity analysis has been performed where corrected rainfall has been cal-
culated using this new wind. It is seen in Figure 11, that the trend corrected
wind speed is partially underestimated compared to the uncorrected wind
speed after 1912. It is clear, that higher trend corrected wind speed will result
in increased amount of bias corrected precipitation, and that more precipita-
tion will cause too high values of modelled discharge compared to the water
balance errors of 3 % reported in section 3.4. By iteration it is now found that
the resulting increase in corrected precipitation can be practically eliminated
if the shelter index is changed from 12 to 15, i.e., the new index compensates
for the changes in V and reproduces corrected precipitation close to the orig-
inal values that resulted in a water balance error of 3%. As shown in Table 5
and Figure 13, this is true for the years after the 1910s, not for the periods 1890-
1910 and 1900-1920. For scenario 2 (trend correction of V and 1=15) P is much
lower than for scenario 1 (no trend correction of V and n=12). For example,
for the period 1890-1910 Py is 793,1 mm for scenario 1, but only 758,5 mm for
scenario 2. An explanation of these results may be related to the observation
practice until the 1910s.

Until the 1910s, rainfall was measured 2 m above ground level (Ml, 1875), but
the shelter index assumes that the rain gauge is located at 1.5 m height as for
Hellmann. The vertical increase of wind speed due to the logarithmic wind
profile makes only a negligible contribution to the under-catch in measured
rainfall. This effect is considered when converting wind speed to gauge
height.

But the different measurement height may have caused the average shelter
index to be lower than 15 up to the 1910s, and the rain gauge more exposed
to the impact of the wind. It can be calculated theoretically that for a typical
garden the shelter index, #wg, Will change from 15 to 13 if precipitation is
measured in 2,0 m level instead of 1.5 m. The result of using #wg = 13 and
trend corrected V in the period 1890-1915 is shown in Table 5 and Figure 1
(scenario 3).

The question is whether the landscape was more open around year 1900, es-
pecially in the western part of Jutland, which would cause a lower shelter in-
dex. For example, we would expect a smaller number of plantations and lower
height of the vegetation than today. Probably, the assumption of a constant
shelter index in the whole period 1890-1950 does not hold. For example, it can
be calculated, that ;w=10 would practically eliminate the quite large changes
in corrected precipitation that are seen around the 1910s (Table 5).

Table 5. Measured annual precipitation (Pm) and results of corrected precipitation, Py, based on scenario 1 (no trend correc-
tion of V, n=12), scenario 2 (trend correction of V, n=15) and scenario 3 (as scenario 2 but with adjustment of n for the period
1890-1915, see text for explanation. The difference between scenario 1 and 2, and 1 and 3 is also shown (mm and %).

Period Measured Scenario Difference
precip, Pr, 1 2 3 1vs2 1vs3
1890-1910 634,1 793,1 758,5 769,7 -34,6 (-4,5 %) -23,4 (-3,0 %)
1900-1920 645,5 7945 772,7 781,2 -21,8 (-2,8 %) -13,3 (-1,7 %)
1910-1930 674,9 801,8 798,8 801,9 -3,0 (-0,4 %) 0,1 (0,0 %)
1920-1940 673,0 789,8 793,8 793,8 3,9 (0,5 %) 3,9 (0,5 %)
1930-1950 665,3 786,5 786,2 786,2 -0,3 (-0,0 %) -0,3 (-0,0 %)
1916-1950 671,9 794,1 7947 7947 0,5 (0,1 %) 0,5 (0,1 %)
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Figure 13. Measured and cor-
rected annual rainfall in Denmark
1890-2010. Results of corrected
precipitation are shown for sce-
nario 1 (no trend correction of V
and n=12), scenario 2 (trend cor-
rection of Vand n=15) and sce-
nario 3 (trend correction of V and
n=13). Corrected precipitation is
also shown for the period 1989-
2010 (Vejen et al 2014).

Analyzes of geostrophic winds indicate that Danish Landscale which was in
use until 1911 is likely to overestimate V. The use of the lower trend corrected
values of V in scenario 2 therefore causes Py to be substantially lower than for
scenario 1 for the period up to the 1910s.

The trend correction of V probably more accurately reflects wind conditions
than the uncorrected ones and are currently considered the best approach for
calculation of V. In a study of historical trends for precipitation, Karlsson et
al. (2014) detected homogeneity breaks in three long time series of precipita-
tion out of 4. There is a temporal coincidence between the time of these breaks
and the period 1910-1925 where the replacement of rain gauges took place,
thus this may be a possible explanation of the homogeneity breaks identified.

For calculation of corrected precipitation, it is assumed that the aerodynamic
properties of the old and new rain gauges are equal. However, if the catch
efficiency and wetting and evaporation losses are different it would result in
an unknown contribution to the uncertainty of corrected precipitation 1890-
1915, and to rainfall climate around 1900. These aspects are discussed in the
following.

The Fjord and snow gauge has a considerably larger orifice area (1000 cm?)
than Hellmann (200 cm?), and the rim of the gauges is very narrow compared
to the sharper and wider rim of Hellmann (Figure 3). Experiments in a wind
tunnel have shown that the wind speed around a rain gauge appears to de-
crease as the orifice area increases in the interval 127 to 500 cmz2, and when the
rim is shorter (Sevruk and Klemm 1989b, Sevruk, Hertig and Spiess 1989).
Even though the opening area of the Fjord and snow gauge is larger than this
interval, their results suggest a lower catch ratio for Fjord compared to Hell-
mann. However, the changes in V in the wind tunnel experiment were within
a few percent and thus probably of secondary importance compared with the
large difference in the physical shape between the two gauges.

Precip amount in Danmark 1890-2010 (year)
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The Fjord rain gauge has a larger surface of funnel and collection container
than Hellmann, but its opening area is 5 times the size of Hellmann, thus the
wetting loss for the two gauges is probably similar. The evaporation loss in
the Hellmann gauge is negligible, as the precipitation is collected in a con-
tainer inside the lower part of the gauge. This isolation of the collected rainfall
is likely to dampen evaporation compared to the Fjord and snow gauges
which are more “open”, especially the snow gauge. The evaporation loss from
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the Fjord and snow gauges is probably larger than for Hellmann, but it is dif-
ficult to calculate the losses theoretically, and it may require a field experiment
to determine its magnitude.

Based on field experiments in a windy environment and on theoretical con-
siderations Folland (1988) proposed that a rain gauge with form of a flat cham-
pagne glass and a large diameter would lead to better catch ratios than tradi-
tional rain gauges. Thus theoretically, a slightly better catch efficiency with
Fjord gauges would be expected due to its form. On the other hand, the Fjord
gauge is more angled shaped compared to the aerodynamic gauge referred to
above and is equipped with a long spout which may further disturb the wind
field. From the aspect of the design of the Hellmann and Fjord gauges it is
difficult to find explanations as to why markedly less rainfall was measured
before the 1910s. On the other hand, according to observation instructions the
practice of measuring snow has been that, at high wind speeds, it might be
necessary to turn the barrel of the snow gauge inversely down a flat snow
surface for collection of the snowfall below (DMI 1880). Accurate measure-
ments of snow may have been difficult, and critical statements about the snow
measurements have been found in observer reports (Rigsarkivet).

Precip amount in Danmark 1890-2010(year)
Meuasured and corrected 20-year moving average
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Figure 14. 20-years moving average of measured and corrected annual rainfall in Den-
mark 1890-2010. Note that each point indicates the middle of the time interval. Large blue
dots: measured precipitation. Open black circles: scenario 1, corrected precipitation using
shelter index 12 and Vmw. Red dots: scenario 2, corrected precipitation using shelter index
15 and Vmw corrected for trends according to geostrophic wind. Large black dots: scenario
3, as scenario 2 except that n=13. Black squares: P« for 1989-2010. Small blue dots: trend
line based on measured precipitation 1935-2010. Small black dots: difference between
measured and expected precipitation according to the trend line.



Figure 15. Annual correction
level for Denmark 1890-1950 for
scenario 3, and for the reference
period 1989-2010.

Figure 14 shows a 20-year moving average of measured and corrected precip-
itation for shelter scenario 1, 2 and 3, and for recent years. The trend curve is
based on measured precipitation 1935-2010 and is extended backwards in
time to 1890. The overall trend in both measured and corrected rainfall does
not appear to be linear over the period 1890-2010. The amount of corrected
rainfall seems to be relatively constant 1915-1950 with a change towards a
wetter climate in the years after 1950. Before 1915, the change in type of rain
gauge and the lower shelter index causes a higher uncertainty in the level of
corrected precipitation. Calculation of measured and corrected grid precipi-
tation for the period 1951-1988 are missing, but it could be interesting in a
climate perspective to analyze the changes during this period to see when cor-
rected precipitation started to increase.

3.7 Summary of corrected precipitation

Figure 15 and Table 6 summarize the change in measured and corrected precip-
itation over the period 1890-2010 given as (unofficial) 30-year climate normal.
Note, that in the calculation of annual precipitation grid cells in coastal regions
have been given lower weight depending on the fraction of land area. . It is seen,
that the measured amount of precipitation has increased by approx. 97 mm
from around 1900 (1891-1920) until today (1989-2010), whereas the corrected
value only has increased by 53 mm (scenario 1) or 70 mm (scenario 3). At the
same time, the annual correction level of bias corrected precipitation has fallen
from 22,9% for 1891-1920 over 18,1% for 1921-1950 to 14,6% for 1989-2010,
which primarily is coupled to changes in wind, temperature, and rain climate.

The amount of corrected precipitation has been at a rather constant level, at
least throughout the period between 1910s and 1950, although the measured
amount has increased. This is partly due to a short warmer period, especially
in the 1930s, with relatively little snow and lower correction level. The
changes towards a wetter climate thus seem to have occurred after 1950. As
pointed out by Fgrland and Hanssen-Bauer (2000), the omission of bias ad-
justment of precipitation entails a risk of interpreting on virtual climate
change. On the other hand, the reported uncertainties of the converted wind
speeds are critical for the corrected precipitation estimates, especially for the
period 1890-1911 due to the use of the Danish Land scale.

Correcion level of yearly precip in Denmark (scenario 3)
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The trend in bias adjusted precipitation and correction level is related to a
change towards a gradually warmer climate with less snowfall. The changes
in temperature climate and precipitation type do not occur gradually with a
constant rate, but are complexly linked, giving large years to year variations
in the correction level.
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Table 6. Measured (Pm) and corrected precipitation (Pc) for scenario 1 and 3 (for explanation see Table 5), and correction level
(%) for scenario 1 and 3, for Denmark for different 30-year periods. In calculation of national averages grid cells in coastal re-
gions have been given lower weight depending on the fraction of land area.

1891-1920 1901-1930 1911-1940 1921-1950 1931-1960 1961-1990 1989-2010

Measured, Pm 643,8 657,4 670,3 670,9 670,1 7115 740,9
Corrected, Pc[1] 796,0 793,3 792,9 791,4 - -
Corrected, Pc[3] 779,4 786,5 7949 792,3 - - 849,3
Ko % [1] 23,6 20,7 18,3 18,0 - -
Ka % [3] 21,1 19,6 18,6 18,1 - - 148

3.8 The climate around year 1900 and calculation of delta
change climate factor (Apm)

Error! Reference source not found. shows estimates of annual and monthly
climate values around year 1900 (based on data 1890-1910) compared to the
conditions 1989-2010. Measured precipitation has increased by 106,8 mm, but
the corrected one is only increased by 65,8 mm, corresponding to a decrease
in the annual correction level from 22,8% to 14,6%. This change is seen to be
related to several changes in the climatic parameters. It has become warmer,
which is particularly true during winter, where T for January and February
has increased by approx. 2 °C. Opposite to this the temperature change of the
three summer months is only +0.4 °C. The temperature change in the winter
months is associated with a marked decrease in the proportion of precipita-
tion falling as snow. Around 1900, almost 50% of the corrected precipitation
fell as snow in the 3 winter months, while the proportion of snow in 1989-2010
was only approx. 26%. The climate has only changed marginally in the direc-
tion of lower wind speeds.

Table 7. The climate around 1900 (period 1890-1910) is compared to the reference period 1989-2010. Monthly and yearly val-
ues of measured and bias corrected precipitation, Pm and Pk, and correction level Ky (%) are shown for scenario 1 (nwg=12). In
addition is shown temperature Tmonthand proportion of corrected precipitation fallen as snow (%), and trend corrected wind
speed, (), for the period 1890-1910 using geostrophic wind data. The delta change factor, Agm, of each month for scenario 1
used for calculation of water flow is also shown. Note that due to rounding of the monthly values, the sum of these is not equal
to the annual rainfall sum. Ka (%) is calculated as average of individual months.

1890-1910 (scenario 1) 1989-2010

Pnm Py« Ka (%) V(%) T snow% Pnm Py Ky (%) "4 T show% Aom
J 44,9 71,7 59,6 58 -03 52,0 61,0 74,4 22,1 59 1,7 18,3 0,963
F 33,1 54,6 64,6 56 -04 58,1 50,6 66,9 32,3 59 1,7 32,2 0,816
M 41,6 58,7 41,1 56 2,1 32,9 46,9 57,1 21,7 5,6 3,3 12,8 1,028
A 40,1 48,3 20,4 53 58 3,2 37,7 44,2 17,1 4,9 7,0 1,7 1,094
M 46,1 51,8 12,3 49 10,7 0,0 44 .4 49,2 10,8 4,6 11,2 0,0 1,053
J 50,2 55,7 10,8 48 147 0,0 61,6 67,6 9,6 4,6 14,2 0,0 0,824
J 61,7 68,0 10,2 47 16,3 0,0 61,4 67,0 9,1 43 16,8 0,0 1,014
A 88,1 96,8 9,8 50 155 0,0 77,5 83,9 8,2 4,4 16,8 0,0 1,155
S 53,6 59,6 11,3 48 12,6 0,0 70,8 77,4 9,3 4.8 13,4 0,0 0,771
(0] 69,6 78,1 12,2 4,9 8,4 0,2 79,9 88,0 10,2 5,1 9,2 0,1 0,888
N 49,4 60,0 21,3 50 39 12,3 66,9 77,5 15,9 53 5,1 6,2 0,773
D 50,1 69,6 38,9 5,6 1,1 35,9 63,0 77,0 22,2 52 2,1 21,1 0,905
Year 628,8 7729 22,9 5,2 7,5 16,2 721,7  830,1 15,0 51 8,6 7,7 0,931
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Itis interesting to study the annual variation in rainfall. As of today, the spring
months were also the driest around 1900, and the wettest months fell in late
summer or autumn. Around 1900, August was the year's wettest month with
as much as 98,0 mm (corrected), while October in 1989-2010 was top of the
year with 90,8 mm. The spring months March-May were slightly wetter than
today, while August had more precipitation. Almost all the other months
were drier than in 1989-2010. These differences are reflected in the delta
change climate factors (A@m) shown in Table 7. As stated earlier, the magni-
tude of these factors may be affected by the uncertainty of wind speeds con-
verted from Danish Landscale.

Probably, the differences in monthly and seasonally precipitation are related
to changes in the atmospheric flows pattern. Periods of stable cold winter
weather with limited rainfall were probably more frequent at that time, and
summers were probably characterized by more unstable weather with fewer,
and shorter, hot and dry periods, which is a weather type more often seen in
recent years.
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Figure 16. A comparison of tem-
perature and correction level (%)
for monthly values of bias cor-
rected precipitation between the
reference period 1989-2010 and
the periods 1890-1910 and 1914-
1950.
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4  Evaluation of uncertainty

For the period 1890-1910, absent of discharge measurements makes it impos-
sible to use hydrological modeling for evaluation of the precipitation esti-
mates. But it is assumed that if the model setup and its assumptions work for
1914-1950, in which period discharge measurements are available for verifi-
cation, it does so for 1890-1910.

Monthly values of T versus correction level K
1890-1910and 1917-1950(scenario 3) versus 1989-2010
160
o 1890-1910
140 x 1914-1950
* 19892010

100

K [%]

20

T[°C]

An unknown factor affecting the uncertainty for 1890-1910 is the use of the
Fjord rain gauge since its error structure is unknown and its design is quite
different from the Hellmann gauge (Figure 3). The correction factor is calcu-
lated using the equations for calculation of dynamic correction and since no
information exists for the Fjord gauge, it has been assumed that the two
gauges must be corrected identically. So, the Fjord gauge does not come into
play in the calculation of correction factors.

Figure 16 shows a comparison between T and K, (%) for 1890-1910 relative to
the reference period 1989-2010. There seems to be a tendency for the correc-
tion level 1890-1910 to be slightly higher than for the other two periods. This
is especially true at the lowest temperatures, that is, primarily during the win-
ter months. It is also for this part of the year that any difference in the error
structure of a rain gauge will be most evident, since the aerodynamic error
related to snow is much higher than for rain. As previously shown, measure-
ment with Fjord at 2 m height systematically gives higher corrections, which
is the primary explanation for a higher correction level 1890-1910 than for the
other periods.

Other factors that may affect the uncertainty are the basic assumptions for the
calculations. This is especially true for the assumption for a nationwide shelter
index of 12. Although it does cause problems regionally, it seems to work na-
tionally for 1914-1950, which also is assumed to be the case for 1890-1910.

Analyzes of the controlling variable wind and precipitation seem to be quite
well related to the official monthly climate values. One source of uncertainty



for 1890-1950 is the use of monthly values of V. It has not been possible within
the project to study how this approach contributes to the uncertainty.

A measure of the uncertainty of corrected rainfall is composed of several sig-
nificant contributions:

e Stochastic uncertainty on the correction model

e Spatial uncertainty (values of T, V and a are allocated to a precipitation
station from nearest grid cell)

e Spatial uncertainty of gridded precipitation due to in-homogeneity of rain
gauge station network

e Uncertainty of methods for calculation of meteorological variables

e Other sources of uncertainty, e.g., adjustment for shelter effect and trend
correction of wind speed.

The uncertainty of the snow part of the correction model is for the range £1xstan-
dard deviation approximately +1% for common values of V and T and £5% near
the edge of the model (Allerup, Madsen and Vejen 1997), and for the liquid part
of the model it is +8% for high wind speeds (18 m/s) and +2% for low wind
speeds (4 m/s) (Allerup and Madsen 1986).

The standard use of the correction model is based on the input of on-site val-
ues of V, T, wand I, but none of these are measured at the precipitation sta-
tions. The effect on the daily correction level of the regional variation in Den-
mark of these parameters has been investigated (Allerup, Madsen and Vejen
2000). A basic criterion in this analysis was that the distance-related uncer-
tainty should remain within the uncertainty of the correction model itself, i.e.
lower that +8%.

The analyzes led to isotropic distance relationships with simple rules for how
far away from the precipitation stations daily values of V, T and « during
rainfall can be obtained without loss of confidence in the calculations of a
daily correction factor. It was concluded that V can be retrieved up to 50 km
from the precipitation station without the uncertainty of K, exceeding +8%.
For T and o it was found that the critical distance is larger than 50 km. Since the
spatial resolution of grid values of V and T is 20x20 km?, it is assumed that the
contribution to the uncertainty of corrected rainfall is smaller than +8%.

This may be surprising, but is since V, T and ¢ are calculated as mean values
during precipitation and that it seems reasonable to assume that there are fairly
isotropic conditions during rainfall, especially because of the structure of typ-
ical atmospheric pressure systems (Petersen et al 1981). However, the assump-
tion of isotropy is more uncertain in coastal regions. Moreover, as this only
applies to observations, the use of interpolated wind and temperature further
contributes to the uncertainty.

Another contribution to the uncertainty comes from the interpolation method
used for Pm, Py, V and T. Because of the limited number of wind and temper-
ature stations, the interpolation was partly based on the average monthly spa-
tial variability of these parameters for the period 1989-2010. The number of
rain gauge stations the first years after 1890 were relatively limited, which also
contribute to the uncertainty of interpolation. These uncertainties have not
been quantified.
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Due to the challenges of the shelter index, the delta change climate factor, Agm,
was used as a pragmatic approach to calculate corrected rainfall for 1890-1910.
The result in Figure 17 shows the regional distribution of corrected rainfall
around 1900 compared to more recent values, and in all regions are seen sys-
tematically smaller amounts. However, using a climate factor contributes to
regional uncertainty, as the change in regional correction level depends on the
magnitude of the corrected rainfall, as shown in Figure 18. The relative change
is largest in the western parts and lowest in the eastern part of Denmark.

Analyses of geostrophic wind suggest uncertainty on wind data based on
manually observed V. The results seem to show a general overestimation
1890-1911 with the Danish Land Scale, but only partially underestimating
with Beaufort. While adjusted rainfall for 1914-1950 is calculated with an ac-
ceptable water balance error of 3% nationwide, the corresponding error for
1890-1913 is in principle unknown but is assumed to be on the same level.
Generally, the corrected rainfall amounts appear to be lower for 1890-1910
compared to 1920-1950, but it is unclear whether this is due to uncertainties
outlined above or whether the precipitation climate was drier around 1910.

The values of Agn in Table 7 is used for projection of regional variations of
present climate to the period 1890-1910. The other scenarios for calculation of
corrected precipitation, Py, discussed in section 3.6 are probably more reliable
estimates of the climate around 1900, given the various corrections of wind
speed, V, and shelter index, 7. Yearly values of Agn is calculated for the dif-
ferent scenarios and with and without sea-land weighting of coastal grid cells
to get an idea of the uncertainty of delta change estimates. Introduction of
land weighting to scenario 1 cause Apm to increase by 0,3 % from 0,931 to
0,934, while trend correction of V in scenario 1 cause Agr to decrease by 1,5 %
from 0.931 to 0,917. Due to the corrections of V and #, scenario 3 would pre-
sumably result in a better estimate of Apm than scenario 1. In scenario 3, Agm
is 0,906 or 2,7 % lower than in scenario 1 corresponding to approximately 20
mm/year which is an acceptable difference given the many assumptions and
uncertainties.

The use of monthly delta change climate factors results in a change, or frac-
tion, between the historical and recent precipitation varies from relatively
high values in the eastern part of Denmark to quite low values in the western
part, i.e., there are regional variations in the percentage change in precipita-
tion amount. The use of a national delta change climate factor on a regional
scale may result in systematic regional bias, which may have an impact on the
uncertainty of runoff calculations on the spatial scale shown in the figure
(10x10 km2). It may be necessary to average for larger regions and to redefine
the delta change climate factor, e.g., by incorporation of regional variability.
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Figure 17. Left: mean precipitation per year 1890-1910 based on scenario 1. Right: mean corrected precipitation per year 1997-
2017.
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5 Conclusion

The work described in this report is a part of a project whose purpose is to
calculate water balance and discharge of nitrogen and phosphorus to open sea
areas in Denmark around year 1900, i.e., the period 1890-1910. The objective
is to provide this project with spatially distributed estimates of required me-
teorological variables to support the hydrological modelling. To make this
possible, historical meteorological data over the period 1890-1950 have been
digitized. Furthermore, an approach for bias correction of historical rain
gauge data has been developed, and based on data series of bias corrected
precipitation, air temperature, and wind data the climate around year 1900
has been calculated and validated. Various conditions contribute to the un-
certainty of the corrected rainfall. Particular attention has been paid to the
wind speed based on manual observations. Some of the wind series are af-
fected by homogeneity breaks and deviation from the general trends in V.
From analyses of geostrophic wind velocity, it was found that V was probably
underestimated by the Danish Landscale which was in use until 1911, and
that there was evidence of slight underestimation with the Beaufort scale at
least in parts of the period 1912-1950.

Experiments were carried out with different combinations of shelter index
and correction of V for homogeneity breaks and trends. Until 1910 the snow
gauge and Fjord rain gauge was used and then during 1910-1925 gradually
replaced by the Hellmann gauge. It has been argued that the error structure
and catch efficiency of Fjord compared to Hellmann is only of secondary order
compared to the measuring practice with Fjord being installed with its orifice
2 m above ground level. It was found probable that the measurement of rain-
fall at 2 m level until around 1915 probably caused the rain gauge to be more
exposed to the wind than later. The resulting higher correction level is a rea-
sonable explanation of the homogeneity break at the transition between the

gauge types.

The calculations and assumptions are evaluated for the period 1914-1950 us-
ing water balance modelling of discharge. At national level, a water balance
error of 3% has been found, but this covers large regional differences in error
level. Of the many assumptions, the use of a general shelter index seems to
have a quite large impact on the regional uncertainty. Analyses of the rela-
tionship between monthly temperature and correction level for the different
periods support the impression of reasonable estimates on national level.
However, it requires considerably more model experiments with fine tuning
of the different basic assumptions to reduce the regional uncertainty to an ac-
ceptable level.

It has therefore been necessary to calculate corrected rainfall for 1890-1910 by
using a delta change climate factor. In this approach national monthly correc-
tion factors were calculated based on corrected rainfall for 1890-1910 com-
pared to 1989-2010. These national factors were then applied to the corrected
rainfall for 1890-1910 to provide a spatially distributed daily time series of
precipitation for the period 1890-1910.

Based on the assumptions in this study a delta change value of 0,931 per year
was found which corresponds to approximately 773 mm per year, or 60 mm
less than the precipitation amount in the reference period 1989-2010. Much



more of the precipitation around year 1900 consisted of snow which is related
to a generally colder climate; 16,2% of the total amount was snow compared
to 7,7% in the reference period. This also explains the generally higher correc-
tion factor of 22,9% per year compared to 15,0% for the reference period.

The uncertainty of bias corrected precipitation depends, among other things,
on the reliability of wind speed data. Around year 1900 wind speed was ob-
served with the so-called Danish Land scale which can be considered as a kind
of half Beaufort. Manual wind observations are subject to different errors and
larger uncertainty compared to modern automatic instruments. In the end of
the project tests were made possible for correction of wind data for trend er-
rors using a long time series of geostrophic wind speed. It was found that the
wind speed used for bias correction was probably overestimated. As a result,
corrected precipitation and delta change was a little too high. Using the cor-
rected wind speed resulted in a delta change value of 0,906 (-2,7%) which cor-
responds to around 20 mm less precipitation per year compared to the origi-
nal precipitation estimate which is an acceptable difference given the many
assumptions and uncertainties.
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