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Abstract –The Carrington event of September 1859 is the best known example of an extreme geomagnetic
storm, often cited when discussing space weather risks for modern infrastructure. Historic observations
including auroral sightings, magnetometer records and anecdotes of impacts on telegraph systems have
been widely shared before, but none of these have included observations from the Netherlands. Geomag-
netic observations taken in Utrecht and Den Helder during the Carrington event were digitised from the
Royal Netherlands Meteorological Institute’s (KNMI) yearbook of 1859, and compared to much more
detailed magnetograms from London. This combined analysis, beyond its application in communication
with Dutch stakeholders, contributes to a better understanding of the interpretation, limitations, and uses
of such archived measurements, of which more examples might be available in archives internationally.
The observations consist of spot measurements taken three times per day. The Den Helder data only
partially record the Carrington storm. Conversion factors from Den Helder have been used to estimate
missing conversion factors of the Utrecht data. The correlation between the Dutch declination measure-
ments and those made in London is strong with correlation coefficients larger than 0.7 for the Utrecht data
and larger than 0.9 for the Den Helder data. However, there is very little correlation between the Dutch and
British inclination measurements. The London horizontal intensity measurements compared to Den Helder
data give correlation values larger than 0.8 but the observations from Utrecht match less well. There is a
significant deviation between the British data and the Utrecht declination and horizontal intensity measure-
ments during the quiet period between 30 August and 2 September. It is unclear what causes this deviation.
Given the proximity of the locations and similarity in latitude, and based on the coherent registration of the
measurements, it is reasonable to assume that the magnetic traces captured in London provide a good
approximation of the magnetic field variations in the Netherlands during the storm, indicating that these
may be used for impact assessment studies for Dutch vital infrastructure.
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1 Introduction

Extreme geomagnetic storms can potentially have large
impacts on society (Astafyeva et al., 2014; Kappenman,
2005). Moreover, because of the growing reliance on advanced
technologies such as satellite services, modern society is at risk
of becoming increasingly vulnerable to severe space weather
(Hapgood et al., 2021). Understanding and modelling the
potential adverse effects of severe space weather requires exten-
sive multi-instrument, synoptic registrations of large events.
However, as such extreme occurrences are very rare in the
modern era of space based instrumentation, we must also look

to historical geomagnetic measurements made during large
events to assess the magnitude and progression of the largest
geomagnetic storms.

A well known example is the Carrington event, which
occurred during a period of very severe space weather in late
August and early September 1859 (Green & Boardsen, 2006;
Hayakawa et al., 2022; Cliver & Dietrich, 2013). Following a
geomagnetic storm several days earlier, Richard Carrington
serendipitously viewed one of the strongest solar flares in obser-
vational history (estimated to be �X64 by Cliver et al. (2022)
and �X80 by Hayakawa et al. (2023)). The flare was a rare
event with a return period of about 60–90 years (Curto et al.,
2016). The flare was followed by a second strong geomagnetic
storm causing auroral sightings all over the world. Reconstruc-
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tion of the spatial evolution of the auroral oval from historical
records indicates that it concerned a very strong, but not unique,
storm (Hayakawa et al., 2019). Still, an extreme magnetic
excursion of ��1600 nT was measured in Bombay (Tsurutani
et al., 2003) whose cause and interpretation is still subject of
discussion (Siscoe et al., 2006; Akasofu & Kamide, 2005;
Cliver & Dietrich, 2013; Cid et al., 2014; Hayakawa et al.,
2022, and references therein). The individual aspects of the solar
storm have close rivals or superiors in recorded history (Cliver
& Svalgaard, 2004; Cliver et al., 2022). According to Love
(2021), a once-per-century storm has a Dst index of �663 nT.

Recently, magnetogram records of the Carrington geomag-
netic storms observed in Kew and Greenwich (London, UK)
have been digitised and made publicly available (Beggan
et al., 2023, 2024). The declination as well as the horizontal
and vertical components are provided for the 10-day period
from 25 August to 5 September 1859 with a nominal time
resolution of one minute. Other investigations for historical
magnetic measurements during the Carrington event have been
made in Finland and Russia (Nevanlinna, 2008), Rome (Blake
et al., 2020) and India (Hayakawa et al., 2022), all have
significantly lower time resolutions than the London measure-
ments but higher than the measurements from the Netherlands
presented below.

KNMI has a long history in the field of geomagnetic mea-
surements. Regular measurements started in 1849, several years
before KNMI’s formal establishment in 1854, and lasted until
1988 when the geomagnetic research activities ceased because
of budget cuts. In this almost 140 year period geomagnetic field
variations were observed in Utrecht (1849–1899), De Bilt
(1899–1938) and Witteveen (1938–1988). KNMI’s earliest
yearbooks (1854–1883) also contain geomagnetic observations
made in Den Helder by Provinciale Waterstaat, the organisation
that was responsible for practical execution of the public works
and water management in the province of Noord-Holland.
These Den Helder records continue until (including) 1883. It
is unknown whether geomagnetic measurements were made
in Den Helder after 1883. The yearbook of 1887 (Koninklijk
Nederlandsch Meteorologisch Instituut, 1888, page 275) states
that Utrecht is the only measuring site in the Netherlands,
indicating that the Den Helder activities had stopped by then.

The yearbooks of 1884 and 1885 only contain absolute
measurements of the field made several times per year in
Utrecht. As of 1886 monthly averages are included of measure-
ments daily made at 14:00 local time. Starting from 1892
magnetic traces are available in KNMI’s archives. The first year
this only concerned declination observations, of which the
measurement method is described in the yearbook of 1893
(Koninklijk Nederlandsch Meteorologisch Instituut, 1895, page
353). The same yearbook also lists the hourly declination
measurements. From 1894 onwards hourly horizontal intensity
measurements are recorded in the yearbooks, of which the
instrument is described in the yearbook of 1894 (Koninklijk
Nederlandsch Meteorologisch Instituut, 1896, page 343).
Several years later in 1902 hourly values of the vertical intensity
are added to the yearbook. As of 1903 a new department for
magnetic measurements and seismology was founded at KNMI.
From then onwards the geomagnetic measurements were
published in separate dedicated yearbooks. Digitised hourly data
from the Netherlands, from 1903 until the end of operations of
the Witteveen magnetic observatory in 1988, are available via

the World Data Centre for Geomagnetism, Edinburgh (Reay
et al., 2013).

In this article geomagnetic observations made in Utrecht and
Den Helder during the Carrington event are digitised from
KNMI’s yearbook of 1859 (Koninklijk Nederlandsch Meteorol-
ogisch Instituut, 1860), and compared to magnetograms taken in
Kew and Greenwich. All four observation sites have compara-
ble latitudes (Fig. 1). Their coordinates are listed in Table 1.
Examples of historical observations from the Netherlands and
surrounding countries during extreme events are useful in
communication with Dutch space weather stakeholders.
Comparing these datasets allows for cross-verification of the
scaling techniques used in the digitisation, and to assess whether
the more complete historical data from the United Kingdom
could be used for studies on the impact of geomagnetic storms
in the Netherlands.

2 Instrumentation

The yearbooks of 1853 (Koninklijk Nederlandsch
Meteorologisch Instituut, 1854, page V), 1855 (Koninklijk
Nederlandsch Meteorologisch Instituut, 1856, page VI), 1856
(Koninklijk Nederlandsch Meteorologisch Instituut, 1857, page
VI) and 1857 (Koninklijk Nederlandsch Meteorologisch
Instituut, 1858, page II) as well as a book by Krecke (1849)
provide descriptions of the instrumentation that was used at
the observatories. All instruments are variometers. Excerpts

Figure 1. Map of Northwestern Europe with present-day borders
displaying the locations of the magnetic observation sites of Kew,
Greenwich (GRW), Den Helder (DH) and Utrecht (UTR) in 1859.

Table 1. Geographical coordinates of the magnetic observation sites.

Longitude [�E] Latitude [�N]

Den Helder (DH) 4.75 52.964
Utrecht (UTR) 5.13 52.085
Greenwich (GRW) 0.00 51.483
Kew (KEW) �0.31 51.463
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mentioning the measurement equipment have been collected in
the Supplementary material (in Dutch and French with English
translations). The declination instrument used in Utrecht is best
described. It was built by E. Wenckeback in Amsterdam follow-
ing the description given by von Lamont (1849) in Munich. A
magnetic needle of 70 mm by 7 mm with a small mirror perpen-
dicularly fixed above its center was suspended from a 18 cm
silk thread passing through a glass tube and would point in
the direction of the magnetic meridian. The needle resided in
a slot within a 118 mm copper disc, enclosed by glass and cop-
per plates to protect it from air agitation. The instrument rested
on three screws and was positioned on a pillar fixed in the vaults
of the observatory, a former bastion fort called ‘Sonnenborgh’.
On a second pillar a telescope and an ivory millimeter scale
were placed which were both attached to a solid copper plate.
The distance between the pillars is said to be such that one mil-
limeter of the scale corresponds to approximately one arcmi-
nute. It is ambiguous whether this means that when looking
from the central point of the mirror to the scale one millimeter
corresponds to one arcmin (�3.4 m), or that when looking
through the telescope a deflection of the mirror by one arcmin
corresponds to 1 millimeter on the scale (�1.7 m). In the latter
case both angle of incidence and angle of reflection need to be
taken into account. When looking at the scale through the
telescope via the mirror, the divisions on the scale could be
easily estimated in tenths of millimeters (i.e. tenths of arcmin-
utes). Small changes in the magnetic meridian, and thus in
the declination, were measured this way.

The other variometers in both Utrecht and Den Helder are
described in much less detail. The Utrecht instrument to mea-
sure variation in the horizontal intensity (H-variometer) is only
said to consist of a magnetic needle suspended by a fine glass
fibre, with the upper part of the fibre attached to a torsion circle.
It was built following the descriptions by Lamont and, as only a
singular fibre is mentioned, it is assumed that a unifilar device
was used, contrary to the bifilar (two threads) instrument also
described in Lamont’s book which was often used in other con-
temporary observatories. For a modern description of the bifilar
instrument see Hejda et al. (2023) and Nevanlinna (1997). In the
unifilar instrument a magnetic needle is suspended from an
often metal wire (glass fibre in Utrecht) and hung in the average
direction of the diurnally changing magnetic meridian. The
upper end of the wire is then rotated by the angle w so that
the needle is deflected by an angle / from the meridian. This
gives the equation (von Lamont, 1849, page 200):

cðw� /Þ ¼ MX ð1� atÞ sin/ ð1Þ

with c the torsion constant, M the magnetic moment of the nee-
dle, X the horizontal intensity, a a temperature coefficient, and t
the temperature. Note that factor (1 � at) is needed to take into
account the dependence of c andM on temperature changes with
respect to a reference temperature (Dt = t � t0). If the magnetic
meridian shifts by the small angle e in the direction of / (change
of declination), the force pulling the needle away from direction
w becomes smaller, and the equation becomes:

cðw� /Þ ¼ MX ð1� atÞ sinð/� eÞ ð2Þ

From this equation X can be isolated, which is a function of the
deflection angle / and the temperature t:

X ð/; tÞ ¼ cðw� /Þ
Mð1� atÞ sinð/� eÞ ð3Þ

Taking the partial derivatives of the logarithm of X at the refer-
ence values (/0, t0),

d lnðX Þ ¼ @ lnðX Þ
@/

d/þ @ lnðX Þ
@t

dt
� �����

ð/0;t0Þ
ð4Þ

and replacing differentials by differences (dX?DX, d/?D/,
dt?Dt) gives

�X
X

¼ �/
w� /0

� �/
tanð/0 � eÞ þ

a�t
1� at0

ð5Þ

Lamont suggests to choose /0 such that it makes an almost
90� with the average meridian, i.e. /0 = 90� + x with x the small
remaining deviation determined after setting up the instrument.
By doing this the use of the tan function can be avoided (small
angle approximation):

�X
X

¼ �/
w� 90� x

þ�/ðx� eÞ þ a�t
1� at0

ð6Þ

The change of the needle direction D/ can be measured using a
mirror, scale and telescope, similarly to the declination instru-
ment described earlier. The effect of small changes in declina-
tion, i.e. small e, on the horizontal intensity measurement is
negligible. Lamont provides several example values with which
states: “If the variations in intensity are to be determined with an
accuracy of 1/100 of their magnitude, the movement of the
declination may only be neglected if it is smaller than
24 arcminutes.” The diurnal variation is well within this value.
In the yearbooks it is said that for the Utrecht instruments no
temperature corrections have been applied, suggesting that the
last term in equation (6) was disregarded. The magnetic obser-
vation room was partly underground and the temperature chan-
ged only very slowly and very regularly. For H-variometer in
Den Helder the yearbooks only state that “the magnets, which
serve to deflect the needle, have also undergone a fairly regular
decrease in strength over the course of the year.” These auxil-
iary magnets are not further described but they were probably
used to compensate for the temperature effects (von Lamont,
1849, page 206), indicating that in Den Helder a temperature
correction was applied. The temperature at the Den Helder
observatory is not discussed, nor whether a unifilar or bifilar
device was used.

The inclination variometers are ill described in the year-
books. Except for the “continuous increase of the magnetic
force in the soft iron rods of the inclination instrument” in
Den Helder there is no mention about their properties. Accord-
ing to von Lamont (1849, page 213) the method relies on two
vertically placed soft iron rods which become magnetised via
the induction of the geomagnetic field. The strength of the
induced magnetism is proportional to the inducing force, i.e.
the vertical component of the Earth’s magnetism, and can there-
fore be represented by a aJsini, with J the total force, i the incli-
nation and a a constant. A suspended magnetic needle which
can freely move in the horizontal plane is now deflected by
angle / from the magnetic meridian due to the influence of
the magnetised bars. The equilibrium between the two forces
is given by:
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MX sin/ ¼ aMJ sin i ð7Þ

and by expressing horizontal intensity X as function of J, this
becomes:

MJ cos i sin/ ¼ aMJ sin i ð8Þ

Note that, contrary to equation (1), here no temperature effects
are considered. The equation can be rewritten as:

sin i
cos i

¼ sin/
a

ð9Þ

Now, Lamont applies the same logarithmic differentiation he
also used for the H-variometer:

d ln
sin i
cos i

� �
¼ @

@/
ln

sin/
a

� �
d/

����
/0

ð10Þ

by applying the chain rule the left hand side becomes:

1
sin i

� �
� cos ið Þ � di� 1

cos i

� �
� � sin ið Þ � di

¼ cos i
sin i

� �
diþ sin i

cos i

� �
di ¼ 2

sinð2iÞ di ð11Þ

which, by replacing the differentials with differences (di?Di,
d/?D/), gives:

�i ¼ sinð2iÞ
2 tan/0

� �
�/ ð12Þ

From the observed change D/ of the deflection angle, the
change Di of the inclination can thus be derived.

3 Dataset

Figure 2 shows a page of KNMI’s yearbook of 1859 listing
the observations made by F.W.C. Krecke, Directeur
Waarnemingen ter Land (Director of Land Observations) in
September 1859. The last three major columns left from the
remarks section denote the declination, inclination and horizon-
tal intensity measurements. The observations are spot measure-
ments taken three times per day: in the morning at 08:00, early
afternoon at 14:00 and evening at 22:00. All measurements
were done in local astronomical time which is approximately
20 min earlier than Greenwich astronomical time. In astronom-
ical convention 0 h means noon and 12 h midnight (Hejda et al.,
2021). For each component there are three sub-columns of
which the central sub-column lists the observed value at
14:00 in ‘schaaldelen’ (scale parts). The left sub-column lists
the difference between the values observed at 14:00 and
08:00 (D14:00–D08:00) and the right sub-column lists the
difference between the values observed at 14:00 and 22:00
(D14:00–D22:00). In Den Helder the observations were taken by
Cornelis van der Sterr, superintendent of Provinciale Waterstaat
of Noord-Holland. There the evening observations were made at
20:00 instead of 22:00.

The left plots in Figure 3 show the digitised data for the
months of August and September 1859 converted to universal
time (UT). From top to bottom the declination, inclination
and horizontal force are shown in units of ‘schaaldelen’ (scale
parts). The red and black lines denote the measurements in
Utrecht and Den Helder respectively. The storm of 2 September
clearly stands out in the Utrecht data whereas no values from
Den Helder are available; in the yearbook it only states ‘storing’
(disturbance).

For the variometers in Utrecht only the conversion factor of
the declination instrument is provided in the yearbooks: 1 scale
part equals 14.957 arcseconds (Koninklijk Nederlandsch
Meteorologisch Instituut, 1857, page VI). The conversion fac-
tors of the other two instruments had not yet been established,
nor are they mentioned in later yearbooks. In Den Helder 1 scale
part equals 50 arcseconds for the declination, 36 arcseconds
for the inclination and 0.0002 for the horizontal intensity
measurements (Koninklijk Nederlandsch Meteorologisch
Instituut, 1857, page VI). For the latter no unit is specified
but ½mm�1/2mg1/2s�1] (i.e. 104 nT) is assumed, as it was a
customary unit for magnetic field strength at the time (Malin,
1982; Garland, 1979) and gives reasonable results, confirming
the correct choice of unit. An alternative interpretation would
be that the conversion factor is given in parts of the whole
horizontal intensity (DH/H). Note that, as discussed in Section 2,
the inclination instrument in Den Helder is described to be unre-
liable due to the continuous change of the magnetic force of the
soft iron bars used in the apparatus. A similar warning is given
about the instrument that measures the horizontal intensity in
Den Helder.

4 Missing conversion factors

One of the reasons why the differences between the 14:00
and 08:00 or 22:00 measurements were listed in the yearbooks
instead of the measured values, was because it allows for the
easy assessment of the diurnal variation, which is now known
to be primarily due to currents in the E-region ionosphere driven
by the global thermotidal wind systems (Campbell, 1989). This
effect is for example reflected by the zigzag patterns in Figure 3.
When the sun is high in the sky (14:00 measurement) the influ-
ence of this ionospheric current system is strongest. Comparing
the diurnal variation to solar activity (i.e. sunspot number) was a
research topic at the time.

Due to the geographical vicinity of the stations in Utrecht
and Den Helder (separation of 100 km) the diurnal variation
is approximately the same for both locations. This means that
the conversion factors from Den Helder can be used in combi-
nation with the diurnal variation measurements (i.e. differences
between 08:00 and 14:00) to estimate the missing conversion
factors of the Utrecht data. In essence, the conversion factors
for the horizontal force and inclination that are explicitly given
for Den Helder are thus used to calculate the diurnal variations
in physical units. The diurnal variations in Utrecht, which are
only available in scale parts, are assumed to be the same as both
stations are relatively close to each other. By equating the
diurnal variation values in physical units and in scale parts,
the conversion factors in Utrecht are derived.

Figure 4 shows histograms of the differences between the
08:00 and 14:00 measurements in scale parts during the months
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Figure 2. Photo of a page of KNMI’s 1859 yearbook displaying the geomagnetic measurements made in Utrecht in September. The last three
major columns left from the remarks section denote the declination, inclination and horizontal intensity measurements. For each component
there are three sub-columns of which the central sub-column lists the observed value at 14:00 in ‘schaaldelen’ (scale parts). The left and right
sub-columns list the differences between the 14:00 values and the morning and evening values respectively.

Figure 3. Left: plots of the digitised geomagnetic measurements from August and September 1859. From top to bottom the declination,
inclination and horizontal force are shown in scale parts. The red and black lines denote the measurements in Utrecht and Den Helder
respectively. Right: the same measurements scaled to modern day units (Sect. 4) with the Den Helder declination and inclination measurements
offset to 1 degree (black), and the Utrecht declination and inclination measurements offset to 0.5 degrees (red). The horizontal intensity
measurements have been offset to 300 and 600 nT for the Utrecht and Den Helder measurements respectively.
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of August and September 1859. From top to bottom the decli-
nation, inclination and horizontal intensity are shown, with the
Utrecht data on the left, and Den Helder data on the right. All
histograms are considered to be normally distributed and
Gaussians are fitted to estimate the mean values (black dashed
lines). Only in case of the declination are both conversion
factors for the Utrecht and Den Helder data sets known. The
diurnal variations are similar, i.e. 9.5 arcminutes for the Utrecht
data and 10 arcminutes for Den Helder. Table 2 lists the mean
diurnal variation of the declination, inclination and horizontal
intensity in scale parts and physical units for the Utrecht and
Den Helder measurements. The missing conversion factors
of the Utrecht measurements can now be estimated by
dividing the diurnal variation values in physical units by their
corresponding values in scale parts (i.e. 40 nT divided by
13.30 and 5.6 arcminutes divided by 26.28). The plots on the
right in Figure 3 show the digitised geomagnetic measurements

converted to modern units. There seems to be a difference in
drift between the Utrecht and Den Helder datasets. It is not
possible to reconstruct the cause of this, but perhaps it was
caused by temperature variations affecting the measurements.

5 Comparison with Kew and Greenwich
magnetograms

Figure 5 shows four panels comparing the variometer decli-
nation measurements in the Netherlands to the magnetograms
from Greenwich and Kew. From top to bottom the comparisons
are: Greenwich (blue line) to Utrecht (red dots), Greenwich
(blue line) to Den Helder (black dots), Kew (green line) to
Utrecht (red dots) and Kew (green line) to Den Helder (black
dots). All variometer measurements have been shifted to match
the corresponding magnetograms by subtracting the average

Table 2. Table listing the diurnal variation of the declination, inclination and horizontal intensity in scale parts and physical units (when scale
factors are available) for the Utrecht and Den Helder measurements. The value of 40 nT is based on the assumption that one scale division
equals 0.0002 mm�1/2mg1/2s�1.

Utrecht Den Helder

Scale parts Physical units Scale parts Physical units

Declination 38.08 9.5 arcminutes 12.05 10 arcminutes
Inclination 26.28 – 9.26 5.6 arcminutes
Horizontal intensity 13.30 – 19.75 40 nT

Figure 4. Histograms of the diurnal variations, i.e. the differences between the 08:00 and 14:00 measurements, in scale parts during the months
of August and September 1859. From top to bottom the declination, inclination and horizontal intensity are shown, with the Utrecht data on the
left, and Den Helder data on the right. Gaussians are fitted to estimate the means (black dashed lines) whose values are listed in the sub-figures.
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difference between the spot measurements and the magne-
togram measurements evaluated at the corresponding spot
measurement timestamps. In the case of the Utrecht data only
measurements before 30 August are used to match the datasets.
Unfortunately, no data points are available during the storm of

2 September. In the period between 30 August and 2 September
the spot measurements are significantly off compared to the
magnetograms and earlier data points with approximately a
quarter of a degree. This discrepancy with respect to earlier
observations is also reflected by the data points prior to the

Figure 5. Four panels comparing the variometer declination measurements in the Netherlands to the magnetograms from Greenwich and Kew.
From top to bottom the comparisons are: Greenwich (blue line) to Utrecht (red dots), Greenwich (blue line) to Den Helder (black dots), Kew
(green line) to Utrecht (red dots) and Kew (green line) to Den Helder (black dots). All variometer measurements have been shifted to match the
corresponding magnetograms.
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strong peak in the upper left panel of Figure 3. It is unknown
what caused this inconsistency.

Two distinct peaks in the magnetograms align with the
measurements time in the Dutch datasets. The Greenwich
magnetogram in the uppermost panel in Figure 5 shows a clear
peak during the storm of 2 September which matches well with
a higher amplitude data point in the Utrecht measurement. The
bottom panel shows another small peak in the Kew magne-
togram on 28 August which matches well with the Den Helder
measurement.

The correlations between the declination datasets are shown
in Figure 6. Note that the same shifts to match the variometer
measurements to the corresponding magnetograms (Fig. 5) have
been applied. Four panels compare the variometer declination
measurements in the Netherlands to the magnetograms from
Greenwich and Kew evaluated at the corresponding variometer
timestamps. From left-to-right then top-to-bottom the compar-
isons are: Greenwich (x-axis) to Utrecht (y-axis), Greenwich
(x-axis) to Den Helder (y-axis), Kew (x-axis) to Utrecht (y-axis)
and Kew (x-axis) to Den Helder (y-axis). Perfect correlation
guidelines are displayed in black. The stars indicate measure-
ments during the two magnetic storms, i.e. between 28–30
August and 2–4 September. The Pearson correlation coefficients
(r) are calculated twice: excluding (dots) and including (dots and
stars) the storm measurements. Their values are listed in the

sub-figures (including storm measurements denoted between
brackets). This distinction is made because during storm periods
the declination changes more rapidly than the available timing
precision. For example, the declination peak in the Greenwich
magnetogram on 2 September (top panel in Fig. 5) deviates
from the Utrecht measurement by 0.58 degrees. If the Utrecht
measurement time was chosen 2 min earlier, this difference
would be 0.08 degrees. From the yearbooks it is unclear how
long it took to make the observations, in what order the three
instruments were read out and with what time accuracy the
observation procedures were carried out. The non-storm corre-
lation coefficients indicate a very strong correlation between
the Den Helder measurements and both magnetograms; the
values are 0.94 and 0.92 for Greenwich and Kew respectively.
Also for the Utrecht measurements there is generally a good
correlation with values of 0.75 for Greenwich and 0.71 for Kew.

Similar comparisons for the horizontal intensity are shown
in Figures 7 and 8. The four panels have the same configuration
and colour use as Figures 5 and 6. Also here the spot measure-
ments have been matched to the magnetograms using the same
technique. For the Den Helder data the correlation with both
magnetograms is good with non-storm correlation coefficients
of 0.82 and 0.89 for Greenwich and Kew respectively. Unfortu-
nately, during both storms on 29 August and 2 September no
values are listed in the yearbooks. The observations from

Figure 6. Four panels comparing the variometer declination measurements in the Netherlands to the magnetograms from Greenwich and Kew
evaluated at the corresponding variometer timestamps. From left-to-right then top-to-bottom the comparisons are: Greenwich (x-axis) to Utrecht
(y-axis), Greenwich (x-axis) to Den Helder (y-axis), Kew (x-axis) to Utrecht (y-axis) and Kew (x-axis) to Den Helder (y-axis). Perfect
correlation guidelines are displayed in black. The stars indicate measurements done during the two magnetic storms, i.e. between 28–30 August
and 2–4 September. The Pearson correlation coefficients (r) are calculated twice: excluding (dots) and including (dots and stars) the storm
measurements. Their values are listed in the sub-figures (including storm measurements denoted between brackets).
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Utrecht correspond less well, although there is general agree-
ment between the values (non-storm correlation coefficients of
0.58 for Greenwich and 0.48 for Kew). The peak data point dur-
ing the storm of 2 September matches the magnetogram values
well. Also for the Utrecht data set no observations are available

on 29 August. Again, in the period between 30 August and
2 September there is a discrepancy between the Utrecht data,
and the magnetograms and earlier data points. The difference
is about 100 nT. The general agreement between the magne-
tograms and Den Helder data seems to suggest that the warning

Figure 7. Four panels comparing the horizontal intensity measurements in the Netherlands to the magnetograms from Greenwich and Kew.
From top to bottom the comparisons are: Greenwich (blue line) to Utrecht (red dots), Greenwich (blue line) to Den Helder (black dots), Kew
(green line) to Utrecht (red dots) and Kew (green line) to Den Helder (black dots). All variometer measurements have been shifted to match the
corresponding magnetograms.
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about the reliability of the horizontal intensity measurements in
the yearbook was overly cautious.

Finally, the comparisons between the inclination measure-
ments are shown in Figure 9, again with the same ordering as
used in Figure 5. Also here shifts have been applied to match
the magnetograms. The inclination measurements of Kew and
Greenwich are calculated using the horizontal (H) and vertical
(Z) components as follows:

I ¼ arctan
Z
H

� �
ð13Þ

The original Greenwich vertical trace is largely missing.
Furthermore, in Beggan et al. (2024) it is argued that vertical
component is too large and is not a true record of the magnetic
field change. For completeness the Greenwich comparisons are
still shown (upper two graphs in Fig. 9). Despite the overesti-
mated Greenwich Z-component the inclination measurements
of Greenwich and Kew are of similar magnitude. This is
because of the dampening effect of the arctan function (e.g. if
Z = 44,500 nT and H = 17,500 nT a 20% increase in Z becomes
a 4.8% increase in I). Contrary to the declination and horizontal
intensity there seems to be very little correlation between the
Dutch and London inclination data. This is in accord with the
warning about the unreliability given in the yearbooks.
Moreover, as there is a generally accepted assumption that the

magnetic fields generated by the induced currents in the conduc-
tive ground play an essential role in the variations of the vertical
intensity, the difference could also partly be attributed to a
different subsurface conductivity distribution.

6 Summary and conclusion

The Royal Netherlands Meteorological Institute (KNMI)
has a long history in the field of geomagnetic measurements.
Geomagnetic observations captured in Utrecht and Den Helder
during the Carrington event are digitised from KNMI’s year-
book of 1859, and compared to magnetograms taken in Kew
and Greenwich. Cross-checking these datasets is useful to
independently corroborate the scaling techniques used in the
digitisation of the London magnetograms, and to assess whether
historical data obtained in the United Kingdom could be used
for studies on the impact of geomagnetic storms in the
Netherlands.

The records in the yearbooks are listed in scale parts. For the
variometers in Utrecht only the conversion factor of the declina-
tion instrument is known. The definite conversion factors of the
other two instruments had not yet been established, nor are they
mentioned in later yearbooks. The conversion factors from Den
Helder have been used in combination with the diurnal variation

Figure 8. Four panels comparing the variometer horizontal intensity measurements in the Netherlands to the magnetograms from Greenwich
and Kew evaluated at the corresponding variometer timestamps. From left-to-right then top-to-bottom the comparisons are: Greenwich (x-axis)
to Utrecht (y-axis), Greenwich (x-axis) to Den Helder (y-axis), Kew (x-axis) to Utrecht (y-axis) and Kew (x-axis) to Den Helder (y-axis).
Perfect correlation guidelines are displayed in black. The stars indicate measurements done during the two magnetic storms, i.e. between 28–30
August and 2–4 September. The Pearson correlation coefficients (r) are calculated twice: excluding (dots) and including (dots and stars) the
storm measurements. Their values are listed in the sub-figures (including storm measurements denoted between brackets).

K. van Dam et al.: J. Space Weather Space Clim. 2025, 15, 9

Page 10 of 13



measurements to estimate the missing conversion factors of the
Utrecht data.

Especially for the Den Helder declination measurements
there is a strong correlation with both London magnetograms;
the non-storm correlation coefficients are 0.94 and 0.92 for

Greenwich and Kew respectively. During storm periods the
available timing precision of the Dutch data is the dominant
source of uncertainty when comparing with the magnetograms.
Also for the Utrecht declination measurements there is generally
a good correlation with the Greenwich (r = 0.75) and

Figure 9. Four panels comparing the variometer inclination measurements in the Netherlands to the magnetograms from Greenwich and Kew.
From top to bottom the comparisons are: Greenwich (blue line) to Utrecht (red dots), Greenwich (blue line) to Den Helder (black dots), Kew
(green line) to Utrecht (red dots) and Kew (green line) to Den Helder (black dots). All variometer measurements have been shifted to match the
corresponding magnetograms.
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Kew (r = 0.71) observations outside storm time. This is despite
the significant quiet-time differences of about a quarter of a
degree in the period between 30 August and 2 September.

For the Den Helder horizontal intensity measurements the
correlation with both magnetograms is good with non-storm
correlation coefficients of 0.82 and 0.89 for Greenwich and
Kew respectively. Unfortunately, during both storms on 29
August and 2 September almost no values are listed in the year-
books. The observations from Utrecht match less well, although
there is general agreement between the values (non-storm corre-
lation coefficients of 0.58 for Greenwich and 0.48 for Kew).
Note that in the period between 30 August and 2 September
there are significant quiet-time differences of about 100 nT.
The inclination measurements from Utrecht and Den Helder
do not match the Greenwich or Kew data, possibly due to a dif-
ferent subsurface conductivity distribution or the instruments
not working correctly.

Despite the limited number of data points during the two
storm periods in August and September 1859, it is plausible to
assume that the storm time declination and horizontal intensity
observations accurately describe the state of the then-prevailing
magnetic field in the Netherlands, as the magnetometer data from
Kew and Greenwich are of similar magnitude at those measure-
ment times. Also during the more quiet periods there is good
agreement between spot measurements and magnetograms.
The point measurements from the Netherlands do not provide
information on shorter time scales, however the amplitude of
differences between nearby stations at varying distances close
to auroral currents have been systematically studied using
modern minute-mean observations at higher latitudes by Beggan
et al. (2018). The coherent registration of these features at lower
latitude during a larger storm therefore suggests that such a level
of agreement between the conditions in the United Kingdom and
the Netherlandsmay well also be valid on timescales shorter than
the three times per day cadence. This helps to justify using the
high-cadence London measurements as the best available obser-
vations for future investigations into the risk of extreme space
weather during a Carrington-like event for the Netherlands.

Further research is needed to investigate whether this
coherence holds during the Carrington storm conditions on
the minute timescale used in dB/dt analyses. KNMI’s archives
contain magnetograms starting from 1892. Digitisation of these
magnetograms recorded during later strong geomagnetic storms,
and comparing them to contemporary magnetograms from
England, will be beneficial for studying coherence under major
storm conditions at these lower latitudes.
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