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5 Abstract. The Arctic transpolar sea ice drift speed shows a pronounced increase over past decades, one of many manifestations
of Arctic climate change. However, little is known so far how the drift changed in earlier periods. Here I use data from historical
drift expeditions, in particular from the Fram in 1893-96, the Sedov in 1937-40, the Tara in 2007-08, and the Polarstern during
MOSAIC in 2019-20, as well as from the Soviet/Russian North Pole drift stations, to derive a 130-year record of Arctic
transpolar drift speed. The transpolar drift speed already increased significantly during the early 20" century warming,

10 followed by a period of slowing drift in the 1950s —70s and a strong increase in recent decades, closely following the evolution
of Arctic mean temperatures. The observed fractal scaling of the drifts can be explained quantitatively by a Brownian motion
random walk process that includes temporal auto-correlation and a mean drift term due to currents and prevailing winds.
Comparisons of the sea ice drift speeds with near surface wind observations reveal that the long-term changes in drift speed

are not primarily caused by changes in wind speed.

15 1 Introduction

The Arctic climate is changing rapidly, with current Arctic warming at a rate of about four times the global warming (e.g.,
Rantanen et al., 2022). Sea ice plays a central role in the Arctic climate system. Changes in sea ice are not only an indicator of
climate change, but also affect the climate system through feedback processes and have direct implications for the Arctic
ecosystem as well as human activity. Observed changes in Arctic sea ice over the last decades show a large reduction in
20 concentration and extent, a significant reduction in its thickness and an increased drift speed (e.g., IPCC, 2021). Data from
autonomous buoys as part of the International Arctic Buoy Program (IABP, Rigor et al., 2008) and satellite observations (e.g.,
Kwok et al., 2013) have provided important information on the increased Arctic sea ice drift speed over the past four decades
(e.g., Rampal et al., 2009; Spreen et al., 2011; Kwok et al., 2013; Olason and Notz, 2014). Sea ice drift speed is an essential
climate variable, but climate models still often have difficulties in reproducing the changes in Arctic sea ice drift speed (e.g.,
25 Rampal et al., 2011; Zhang et al., 2024). While changes over the last decades are well documented and characterized, little is
known about changes in sea ice during the early 20" century Arctic warming (e.g., Hegerl et al., 2018). Historical Arctic drift
expeditions, starting with Nansen’s Fram expedition in 1893-96 (Nansen, 1897; Nansen, 2005) provide information on changes

in sea ice drift over the past 130 years.
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Nansen’s Fram drift was motivated by the observation, that remnants of the Jeannette-expedition drifted across the Arctic
30 Ocean in less than three years. The USS Jeannette became icebound in September 1879 at 71°35°N, 176° 6’E and drifted with
the ice for nearly two years before she was crushed by the ice and sunk on 12 June 1881 at 77°15°N, 154°59’E (Nansen, 1897,
p.10). Almost exactly on the day three years later, parts of the Jeannette-expedition were found on 18 June 1884 near
Qassimiut, about 10 km west of Julianehab (Qaqortoq), on the south-west coast of Greenland (Lytzen, 1885).
Almost 50 years after the Fram, between 1937 and 1940 the Soviet ice-breaker Georgiy Sedov repeated the drift across the
35  Arctic Ocean, although not intentional. The Sedov was beset in the ice on 23 October 1937 in the Laptev Sea at 75°N, 132°E,
together with other ships she tried to help. When it was realized that the Sedov cannot be freed (because of a damaged rudder)
and would drift across the Arctic Ocean, she was equipped for scientific investigations during the drift. After 812 days of drift
across the Arctic Ocean, more or less following the path of the Fram, in January 1940 the Sedov was finally freed north-west
of Spitsbergen at 80°46°N, 2°41°E with the help of the ice-breaker J. Stalin (Zubov, 1940). An account of the drift of the Sedov
40 is given by her captain Konstantin Sergejewitsch Badygin (Badigin, 1946) and scientific results were published in four volumes
by Spapovskij (1951). The drift of the Sedov provides an opportunity to investigate the changes in sea ice drift during the early
20" century Arctic warming period.
Already in 1937, the Soviet Union employed a scientific station on the sea ice close to the North Pole, later known as North
Pole station NP-01 (Shirshov, 1938; Transactions of the drifting station, 1941-45). NP-01 drifted in only 273 days between 22
45 May 1937 and 19 February 1938 from close to the North Pole (89°28’N) to 70°45°N at the east coast of Greenland. The Soviet
and later Russian drift station programme was continued after Word War II, starting with NP-02 in 1950 and continued — with
interruptions — until today with NP-42 (Frolov et al., 2005).
In more recent years, the French schooner 7ara conducted an Arctic drift expedition as part of the International Polar Year in
2006/2007 (Gascard et al., 2008). Interestingly, in spite of large changes in sea-ice extent between the late 19" and early 21%
50 century, the Fram in 1893 and the Tara in 2006 reached the ice edge in a very similar area: Fram reached the ice on 20
September 1893 at 78°N, 135°E, while Tara started her drift on 3 September 2006 at 79°53°N, 143°E. Tara drifted across the
Arctic ocean for 500 days, coming closer to the North Pole than either Fram or Sedov, before leaving the ice on 21 January
2008 off the east coast of Greenland.
One of the largest Arctic expeditions to date was conducted by the German research ice breaker Polarstern as part of the
55 Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition (Shupe and Rex, 2022).
Polarstern started her ice drift on 4 October 2019 at 85°05°N, 133°58’E and drifted in 225 days to 83°23’N, 9°06’E on 16
May 2020, when she temporarily left the drift for resupply and crew exchange, which became necessary because of the
COVID-19 pandemic that rendered previous plans obsolete.
Here, I analyze the sea ice drift speed over the past 130 years based on data from the Fram expedition in 1893-96, the Sedov
60 in 1937-40, the Tara in 2006-08, and the Polarstern during MOSAIC in 2019-20, extended by data from the Soviet/Russian
NP drift stations (Frolov et al., 2005).
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2 Data and methods

Drift speeds of the historical Arctic drift expeditions are calculated from the observed and recorded positions, simply by the
distance between two positions, divided by the time difference of these two positions. For most of the analyses, daily (i.e.,

65 24h) intervals are used, but I also investigate the scaling of drift speeds with the interval length. In addition, near-surface
observed windspeeds are considered to investigate the relation of sea ice drift to winds. In this work, I focus on the transpolar
drift. For that purpose, I have defined — somewhat arbitrarily — start- and end-gates of the drift at 80°N on the Siberian side
and at 82°N at the entrance of the Fram Strait (Figure 1).

2.1 Fram 1893 — 1896

70  Fram entered the ice on 20 September 1893 at 78°N, 135°E and drifted with the ice for 1058 days before leaving the ice on 13
August 1896 at 81°N, 12°E, north of Svalbard at the entrance of what is now known as the Fram Strait. From 27 June 1896
Fram made several attempts to force her way with the steam engine, with limited success, until she finally got free on 13
August 1896 (Nansen, 1897, p. 478). During this time the Fram drifted north again with the ice from 82°55’N on 27 June,
reaching 83°15°N on 15 July 1896. Here, I have considered the 843 days between the start-gate of the transpolar drift at 80°N

75 on 13 Feb 1894 and 25 June 1896 at 82°55°N.

Positions and windspeeds for the Fram are taken from the observational journal (Mohn, 1905, p.25-248). Data have been re-
digitized for the present work, as it was found that available digitized data (e.g., as provided by Fetterer and Radionov, 2000)
had reduced quality: there are some deviations for the positions and the windspeeds had much reduced resolution. Positions
for the Fram-expedition have been derived from astronomical observations, as described in detail by Geelmuyden (1901).

80 Observations were sometimes limited due to poor visibility conditions; between the individual observations, positions have
been interpolated to the times of the meteorological observations. Here, I have used these interpolated positions from Mohn
(1905) at daily resolution.

Observations of windspeed were performed with a hand-held anemometer on the ice (Mohn, 1905, p.3), i.e. at a height of

approximately 2 m over the ice. Meteorological data are provided eight times per day for most of the drift.

85 2.2 Sedov 1937 - 1940

Positions and wind speeds for the Sedov-expedition were digitized for the present study from the observational journal of
Wiese (1951, p.286-393). No detailed information is provided when actual astronomical positions have been taken, but we
may assume that the statistics were similar as for the Fram-expedition. Here, I have used daily positions as given in the
meteorological journal by Wiese (1951). Meteorological observations were done on board of the Sedov from 23 Oct 1937 until
90 2 Jan 1938 and from 1 Sep 1938 until 13 Januar 1940. Between 23 Oct 1937 and 31 Aug 1938 observations were performed
on board of the Sadko that drifted together with the Sedov during the first part of the drift. Wind speeds were measured at about
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12 m height above the ice surface (Wiese, p.58) and provided four times per day throughout the whole drift. I have considered
here data between 27 Apr 1938 and 24 Dec 1939 when the Sedov crossed the start- and end-gates of the transpolar drift.

2.3 Tara 2006 — 2007

95  Positions and wind speeds for the Tara-expedition are taken from the meteorological data archived at the Arctic Data Center
of the Norwegian Meteorological Institute. Positions are provided by GPS at relatively high temporal resolution; here, I have
used daily positions subsampled from the original data sets. During the Tara drift, air temperature and wind speed were
measured at a 10-m-high weather mast (Aanderaa AWS 2700) at the heights of 1, 2, 5 and 10 m, the air relative humidity at 2
m and wind direction at 10 m (Vihma et al., 2008). In the present study wind speeds are used between 25 Jan 2007 and 19 Sep

100 2007 at 2 m and 10 m. Data are available also for other periods of the Tara drift, but with gaps and sometimes unclear data

quality (Vihma et al., 2008).

2.4 MOSAIC 2019 - 2020

Positions for the Polarstern during the MOSAIC expedition (Nicolaus et al., 2022) are obtained by a differential global
positioning (DGPS) system at centimetre precision (Rex, 2020, and references to the data processing reports therein). Here I
105 have used the data from MOSAIC only for the transpolar drift between 4 October 2019 and 16 May 2020. Meteorological
observations were performed during MOSAIC from various platforms on the ship and on the ice (Shupe et al., 2022), but not

considered in the present study.

2.5 North Pole drift stations

Positions for the Soviet/Russian North Pole drift stations were taken from Fetterer and Radionov (2000). In the present study,
110 I have considered data from NP-01 from 22-May-1937 until 13-Dec-1937, NP-04 from 04-Jan-1955 until 15-Apr-1957, NP-
06 from 26-Feb-1958 until 09-Sep-1959, NP-10 from 29-Jan-1963 until 27-Apr-1964, NP-13 from 31-Aug-1965 until 10-Apr-
1967, NP-15 from 22-Aug-1966 until 17-Mar-1968, NP-19 from 06-Jan-1971 until 31-Mar-1973, NP-22 from 26-Sep-1980
until 27-Mar-1982, NP-23 from 02-Jul-1977 until 31-Oct-1978, NP-24 from 11-Feb-1979 until 31-Oct-1980, NP-27 from 13-
Mar-1985 until 30-Apr-1987, and NP-28 from 01-Jun-1986 until 31-Dec-1988. These stations completed at least a significant
115 part of the transpolar drift. Other stations drifted in other parts of the Arctic Ocean and are not considered here. Of all North
Pole drift stations, only NP-06 covered the entire transpolar drift, as defined here from 80°N on the Siberian side to 82°N at
the Fram Strait. To the best of my knowledge, data from the continuation of the North Pole drift station programme after the
1990s, starting with NP-32 in 2003, are not (yet) published in the international literature and are not considered here. Near-
surface wind observations of NP-01 through NP-31 are published as part of the data set by Fetterer and Radionov (2000), but
120  not considered in the present study.
Drift tracks of Fram (1894-96), NP-01 (1937-38), Sedov (1937-40), Tara (2006-07), and the Polarstern during the MOSAiC-
expedition (2019-20) are shown in Figure 1.
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Figure 1. Drift tracks of Fram (1894-96, blue), NP-01 (1937, green), Sedov (1937-40, magenta), Tara (2006-07, red), and Polarstern during

125 MOSAIC (2019-20, black). Thick black arcs at 80°N and 82°N indicate the chosen “start” and “end” gates for the transpolar drift speed
calculation. The white shading indicates the approximate maximum present-day sea ice cover, obtained from the HadISST data set for March
2007 (Rayner et al., 2003).

3 Results

Figure 2 shows the time series of the drift speeds for Fram from 13-Feb-1894 until 25-Jul-1896, Sedov from 27-Apr-1938 until
130 24-Dec-1939, and Tara from 10-Sep-2006 until 22-Nov-2007. Drift speeds are highly intermittent, with periods of slower
drifts interrupted by short periods of fast drifts. Also shown in Figure 2 are observed near-surface windspeeds. In these plots,
windspeeds have been scaled to the drift speeds by the ratio of the mean of the drift speeds over the mean of the windspeeds
for each drift, sometimes known as the wind factor. We see that the drift speed correlates strongly with the windspeed at daily
time scales, suggesting that the wind largely controls sea ice drift at these time scales. The wind factor increases from 1.38%
135  for the Fram drift to 2.32% for the Tara drift, based on 2 m windspeeds, and from 1.47% for the Sedov drift to 1.83% for the

Tara drift, based on 10 m windspeeds.
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140  Figure 2. Drift speeds (in km/day, blue) and near-surface windspeeds (red) for Fram (A), Sedov (B) and Tara (C) at daily resolution.
Windspeeds have been scaled by the ratio between mean drift speed and mean windspeed, the so-called wind factor, indicated in the plot
legends.

A statistical depiction of these drift speeds for Fram, Sedov, and Tara is shown in Figure 3. Histograms of drift speeds are also

shown for the X- and Y-components in a polar projection coordinate system defined by X = R, (2mr — ¢) sin () andY =

6
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145 —R, (2m — ¢) cos (1), with latitude ¢, longitude A and the Earth’s mean radius R, = 6371.229 km. As seen in Figure 3, drifts
in X- and Y-direction are approximately Gaussian distributed, with the standard deviation of the drift speeds much larger than
the mean drift. The absolute amounts of the drift speeds (Figure 3, C, F, I) follow approximately a Rice distribution, the
theoretical distribution for the magnitude of a bivariate normal (Gaussian) distributed random variable with standard deviation
0 = 0, = 0, and mean y = \/uZ + pZ. For more details on the Rice and Rayleigh distributions see Appendix A. The values

150 of o for the Rice distributions in Figure 3 (C, F, I) have been derived iteratively from the mean over the drift speeds according
to eq. (A2). Figure 3 shows that the variances and the means of the drift speeds consistently increase from the Fram drift, over

the Sedov drift, to the Tara drift.
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Figure 3. Histograms of observed drift speeds at daily resolution for Fram (A-C), Sedov (D-F), and Tara (G-I). Left (A, D, G) and middle
columns (B, E, H) give the drift speeds in a polar projection in x- and y-direction, respectively. Superimposed as black lines are Gaussian
distributions with the indicated mean and standard deviations. Right columns (C, F, I) give the absolute drift speed distributions, with Rice
distributions for the indicated standard deviations ¢ and mean drift 1. Also shown as dashed lines in panels (C, F, I) are corresponding

160 Rayleigh distribution with the same g, i.e. without the mean drift z.
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Histograms of the near-surface wind speeds are shown in Figure 4. We see that the mean windspeed for the Fram drift,
measured with the hand-held anemometers at about 2 m above the ice, is with 4.5 m/s in fact somewhat larger than the mean
windspeed at 2 m for the Tara drift with 3.8 m/s. Otherwise the shapes of the histograms are very similar, roughly following
a Rice distribution. As already indicated by the wind factors shown in Figure 2, we see that the faster drift for the Tara
165 expedition as compared to the Fram is not the result of stronger surface winds. Likewise, Figure 4B shows that the mean
windspeed during the Sedov drift, measured at 12 m above the ice, with 5.4 m/s is stronger than the mean wind at 10 m for the
Tara drift with 4.8 m/s. The observed ratio of 10m and 2m winds from Tara is consistent with a logarithmic wind profile with
Uyom = Uz (In (10m/zy)/In (2m/z,)) and a roughness length zp of about 0.005 m. Under the assumption of the same
roughness length, the 12m winds from Sedov should thus be divided by a factor of about 1.3, resulting in a calculated 2m
170  windspeed of about 4.2 m/s, to be directly comparable to the 2 m winds from Fram and Tara. Again, we see that the increase

in drift speeds from Fram, over Sedov to Tara is not the result of increased wind speeds during these drifts.
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Figure 4. Histograms of observed wind speeds for (A) Fram in comparison with Tara observations at 2 m height and (B) Sedov (at about
175 12 m height) in comparison with Tara observations at 10 m height.

The mean drift speeds at daily resolution for all historical drift expeditions considered here are shown in Figure 5 and Table
1. Errorbars indicate the 2c-standard error of the mean, calculated by the standard deviation of the daily drift speeds, divided
by the square root of the effective degrees of freedomn,, = n(1 —r)/(1 + r), with n the number of days and r =~ 0.6 the 1-
day lag auto-correlation coefficient of the time series. We see that the drift speed has increased significantly from the Fram to

180 the Sedov drift, with again slower drifts in the 1950s-70s and a rapid increase in recent decades since the 1980s. Interestingly,
the drift speeds of the Sedov and NP-01, measured at daily intervals, agree well with each other, in spite of the fact, that the
overall drift of NP-01 was considered to be very fast (Zubov, 1940). The observed increase in drift speed from the 1980s to
the drift of the Tara and more recently the MOSAIC drift is in agreement with the 8.5%/decade increase in drift speed derived
from buoy data for this period as given by Rampal et al. (2009).

8
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For comparison, Figure 5 includes also the Arctic wide (60°-90°N) temperature anomalies from the GISTEMP analyses

(Lenssen et al., 2019). We see that on decadal time scales the drift speeds apparently closely follow the Arctic temperature

anomalies, with increased drift speeds already during the early 20" century warming.

60-90°N Temperature anomaly [°C]

Drift speed [km/day]
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1940
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Figure 5. Drift speeds of the transpolar drift (black dots with 2-sigma error bars) and Arctic surface air temperature anomalies (60-90°N)

from GISTEMP (colored 12-months average, thin solid line 5-year running mean). Drift speeds calculated at 1-day intervals between the
“start-"" and “finish gates” as indicated in Fig. 1. Data include Fram, NP-01, Sedov, NP-04, NP-06, NP-10, NP-13, NP-15, NP-19, NP-22,
NP-23, NP-24, NP-27, NP-28, Tara, and MOSAIC. The black dashed line between 1979 and 2007 indicates the 8.5%/decade increase in

drift speed from buoy data (Rampal et al., 2009).

Table 1. Mean drift speed calculated at 1 day interval between the given dates with + 2-sigma errors together with average Arctic-wide (60°-

90°N) temperature anomaly from GISTEMP over the same time period. Correlation coefficient » = 0.93 between drift speed and temperature

anomaly.

Start Date End Date Drift speed Temperature

[km/day] anomaly [K]
Fram 13-Feb-1894 25-Jun-1896 53+0.5 -0.9
NP-01 22-May-1937 13-Dec-1937 6.5+1.0 0.9
Sedov 27-Apr-1938 24-Dec-1939 6.8+0.6 0.7
NP-04 04-Jan-1955 15-Apr-1957 58+0.5 -0.2
NP-06 26-Feb-1958 09-Sep-1959 6.1+0.6 0.0
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NP-10 29-Jan-1963 27-Apr-1964 6.2+0.9 -0.3
NP-13 31-Aug-1965 10-Apr-1967 57+0.7 -0.6
NP-15 22-Aug-1966 17-Mar-1968 6.2+0.8 0.4
NP-19 06-Jan-1971 31-Mar-1973 5.6+0.6 -0.2
NP-22 26-Sep-1980 27-Mar-1982 59+0.8 0.7
NP-23 02-Jul-1977 31-Oct-1978 55+0.7 -0.1
NP-24 11-Feb-1979 31-Oct-1980 5.6+0.5 0.0
NP-27 13-Mar-1985 30-Apr-1987 54+0.6 0.1
NP-28 01-Jun-1986 31-Dec-1988 6.4+0.7 0.1
Tara 10-Sep-2006 22-Nov-2007 8.7+1.1 2.0
MOSAIC 04-Oct-2019 16-May-2020 9.9+1.6 2.8

Not only the instantaneous drift speed along the drift track (e.g. estimated at daily resolution) is of relevance, but also the
effective distance travelled over longer time periods. The latter is for example relevant for the time sea ice has to grow in
200 thickness or the transport of material by the sea ice drift (Krumpen et al., 2019). The drift trajectories (Figure 1) at daily
resolution resemble a Brownian motion random walk (e.g., Mandelbrot and van Ness, 1968) with more loops and details
becoming visible the more we zoom in, leading to an increase in the length of the trajectory — and thus in an increase in the
calculated drift speed — for shorter time intervals between two positions. It thus resembles the famous question “how long is
the coast of Britain?”, formulated by Mandelbrot (1967) to motivate fractal dimensions. Figure 6 shows the calculated drift
205 speeds as a function of the time interval between the positions, from daily intervals to intervals over 300 days. For interval
lengths of about 3 days to about 100 days (less for the faster more recent drifts), the scaling of the drift speed follows the
empirical relation based on data from the North Pole drift stations of T %217, with the interval T in days (Frolov et al., 2005).
For shorter, as well as for longer periods, the scaling levels off. This is of course to be expected, as the drift track has to be
finite, i.e. in practise cannot increase infinitely for shorter and shorter time intervals. Physically speaking, the system possesses
210 inertia to damp high frequency motions. One may however wonder, if for intervals shorter than one day the drift speed may
further increase, e.g. due to inertial oscillations or tidal effects. The differential GPS positions at centimetre precision from
Polarstern provide an opportunity to test this. Figure 7 shows the scaling of drift speeds from MOSAIC as in Figure 6, but
now in hourly resolution. We see that the drift speed slightly increases further for shorter intervals, with the drift speed at
hourly resolution about 5% larger than at daily resolution. The slope becomes very shallow, approaching a constant value. For
215 long interval lengths, the drift speeds approach a constant value that corresponds to the mean drift term by currents or prevailing
winds.
We see from Figure 6 that from the drift of the Fram, over the Sedov drift to the Tara and MOSAIC drifts, the drift speeds

increase consistently for all interval lengths. This is consistent with the assumption, that the wind forcing — with its mean and

10
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variance — has not changed significantly, but in a warmer climate the ice moves faster because of its reduced thickness and

220  strength.
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Figure 6. Scaling of observed sea-ice drift speed. Calculated drift speed for Fram (blue), Sedov (magenta), Tara (red) and MOSAIC (black)
as a function of the considered interval in days between the drift positions. Error bars indicate the 2-sigma uncertainty derived from the
observed drift speeds. The black dashed line gives the mean drift speed of the NP stations from Frolov et al. (2005).
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Figure 7. Observed drift speed during MOSAIC as in Figure 6, but using hourly data. High temporal resolution is possible for MOSAiIC

because of precise differential GPS observations of the position.

11
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4 Discussion
4.1 Relation between wind speed, sea ice drift speed and sea ice thickness

230 Figure 2 demonstrates a close relation between the near-surface winds and the resulting sea ice drift. The relation between
wind forcing and ice drift based on the Fram observations was already quantitatively investigated by Nansen (1902) and
formed much of the foundation of the atmospheric and oceanic boundary layer theory formulated by Ekman (1905). Zubov
(1940) already shows that the drift of the Sedov quantitatively follows the wind forcing and the effects of ocean currents on

the drift of the Sedov are generally small.
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Figure 8: Ice drift rate versus near-surface wind speeds (monthly means) for Fram (blue dots), Sedov (magenta dots) and Tara (red dots).
Also shown is the theoretical relation between 10m wind speed and ice drift rate based on eq. (1) under the assumption of free drift for 3.5
m thick ice (blue) and 1.5 m thick ice (red), respectively. Note that Fram windspeeds are at approximately 2 m above the ice, so would need

to be increased by about 25% to be comparable to Sedov (at 12 m) and Tara (at 10 m).

240 Figure 8 shows the monthly means of near-surface wind speed and sea ice drift rate from the Fram-, Sedov-, and Tara-drifts.
While on short (daily to monthly) time scales the sea ice drift follows the wind forcing, the results from the present study
clearly indicate that the long-term changes (on decadal time scales) are not primarily due to changes in wind forcing. This is
consistent with previous studies that found the increase in sea ice drift speeds in recent decades not primarily driven by changes
in wind speeds (e.g., Rampal et al., 2009; Spreen et al., 2011; Kwok et al., 2013; Olason and Notz, 2014). Rather, the present

245 study shows on multiannual to decadal time scales a strong correlation of Arctic wide temperature anomalies with the

transpolar drift speed (Figure 5). We may assume in general terms that in a warmer climate the sea ice has reduced thickness,
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strength, and concentration, leading to a faster drift for a given wind forcing, i.e. an increase in the so-called wind factor
(Maeda et al., 2020). E.g., Kwok et al. (2013) suggest that the thinner ice in a warmer climate has reduced strength that favors
a faster drift. Olason and Notz (2014) show from observations that the normalized drift speed, the ratio of the sea ice drift
250 speed divided by the frictional wind speed, is clearly anti-correlated with the ice thickness in all months, and with the sea ice
concentration only in late summer and autumn when the concentration is less than 1. It is interesting to note, that even under
simple assumptions of a free drift, the sea ice drift velocity increases for a reduction in ice thickness because of the dependence
of the Coriolis force on ice thickness (Hibler, 1986). Based on Thorndike and Colony (1982) and Hibler (1986), who have
provided an equivalent relation for geostrophic winds, we can write a relation between the 10m windspeed u1om and the sea
255 ice drift velocity u (expressed as complex numbers):
—i¢p PwaterCwater (eie + iPicelicef )
PairCair

with pyaters Pices and pyir the densities of sea water, sea ice, and air, respectively, and cyaer and ¢, the drag coefficients for

€Y

udpne'® = ue
pWaterCWateru

water and air. ¢ and 6 the atmospheric and oceanic turning angles, and f'the Coriolis parameter. ¢ is the resulting clockwise
turning angle between the wind and the ice drift. Figure 8 shows the relation between wind speed and the sea ice drift rate and
260 turning angle based on eq (1) for Hibler’s (1986) assumptions of c,yaeer = 0.0055 and 8 = 25°. Here I have used ¢, =
0.0015, which is a typical value for the 10m drag coefficient over ice (McBean, 1986, Table 1) and ¢ = 0°. We see from
Figure 8 that the theoretical relation between wind and sea ice drift by eq. (1) with the assumed parameters agrees generally
well with the observed (monthly mean) wind speeds and sea ice drift rates, in particular for the 7ara. Under these assumptions,
the sea ice drift speed increases by about 1.25 km/day for a reduction in ice thickness Aic. from 3.5 m to 1.5 m, in quasi-
265 quantitative agreement with observed changes in Arctic sea ice thickness and drift speed over the past decades (e.g., IPCC,
2013, Chapter 4). Changes in ice thickness can explain at least parts of the increase in drift speed. However, the distribution
and evolution of sea ice thicknesses for the historical drifts is not well known, limiting the quantitative analysis of the relation
between ice thickness and observed drift speeds. It is clear that the transpolar drift is most of the time not in a state of free drift

and other factors will likely contribute or even dominate.

270 4.2 Scaling of the drift speed with the intervals considered

We can understand the empirical scaling of the drift speeds (Figure 6) quantitatively from simple considerations, illustrated in
the following with idealized Monte Carlo calculations based on pseudo-random numbers. For Gaussian distributed velocity
components with zero mean, the drift would follow a pure Brownian motion random walk with a T2 scaling (black lines in
Figure 9), i.e. a purely diffusive process. This is not in agreement with the observed sea ice drifts. Including an auto-correlation
275 (here with a 1-day lag auto-correlation coefficient of r = 0.6, which is similar to the auto-correlation of the observed drifts)
leads to a leveling-off of the scaling for short intervals (blue lines in Figure 9). But this auto-correlation also reduces the

variance at short intervals. Increasing the variance at daily intervals to the observed values again is performed by scaling the

random speeds by 1/4/(1 —r)/(1 + r), resulting then in an increased variance at long intervals (cyan lines in Figure 9).
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Inclusion of a mean drift term results in the drift speeds approaching this mean for long intervals (magenta lines in Figure 9).
280 Here I have used values for the variance with ¢ = 4.0 km/day and mean drift of 4 = 2.0 km/day that correspond to the
values derived from the Fram drift. At daily intervals the inclusion of a mean drift leads only to a relatively small increase in
the drift speed, following the theoretical mean of the underlying Rice distribution (see eq. A2). Finally, including a mean drift
term as well as an auto-correlation together results in a scaling of the drift speeds that quantitatively resembles the observed
scaling of the drift speeds (red lines in Figure 9). It is worth noting, that the stochastic variance of the drift speeds at long
285 intervals is now (due to the effect of the auto-correlation) much larger than the variance of the drift speeds at daily resolution.
For the example in Figure 9 the drift speed calculated at 300 days interval is ranging from about 1 km/day to about 3 km/day

for the same wind forcing. The same statistical wind forcing can thus result in very different overall durations of the drift.

10! 1

Drift Speed [km/day]

100

100 10' 102

Interval [days]

290  Figure 9. Idealized Monte Carlo simulations for the scaling of drift speed with interval lengths. (1): 100 realizations of Gaussian noise with
mean zero and standard deviations of ¢ = 4 km/day in both of the velocity components (thin black lines, the thick line indicate the mean over
the 100 realizations). Mean speed for intervals of 1 day are 5.0 = c\/n_/Z km/day, the theoretical mean of a Rayleigh distribution with ¢ =
4 km/day. The black line decreases with 1/+/T, with T the interval in days, the theoretical behaviour of a pure Brownian motion. (2): Same
as (1), but smoothed with a lag-1 autocorrelation coefficient of » = 0.6 of the velocity components (blue lines). (3): Same as (2), but the

295  standard deviations re-scaled by l/m (cyan lines). (4): As (1), but with a mean of x = 2 km/day in one of the velocity
components for the Gaussian noise with standard deviation of 4 km/day (magenta lines). For long intervals, this approaches the mean of 2
km/day. At intervals of 1 day, the mean speed is 5.3 km/day, the theoretical value of a Rice distribution with standard deviation ¢ = 4 km/day
and mean u = 2 km/day. (5): Same as (4), but with a lag-1 autocorrelation coefficient of » = 0.6 and the standard deviations re-scaled by
1 /m (red lines). Values of o, x, and r chosen to correspond approximately to the Fram drift. The black dashed line gives

300 the empirical T~%217 dependency of the drift speeds after Frolov et al. (2005).
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Coming back to the detection of the remnants from the Jeannette-expedition that provided much of the motivation for Nansen’s
historic Fram expedition: Nansen (1897, p.12) estimates that the Jeannette’s remnants have travelled “at least 400 days” from
the north-east coast of Greenland at 80°N to the place found near Julianehdb at about 60°45°N and 47°9°W. This would leave
“at most 700 days” (Nansen, 1897) for the drift across the Arctic Ocean from the Jeannette’s last position at 77°15°N, 154°59’E
305 to 80°N at the north-east coast of Greenland, a direct shortest distance of about 2500 km. This would correspond to an average
drift of 3.6 km/day, measured at long interval, which is much faster than the Fram’s drift of 2.0 km/day, measured at long
interval, even faster than the Sedov drift. Figure 9 shows a stochastic range of drift speeds from 1.3 to 2.8 km/day at long
intervals for the statistics of the Fram drift with a standard deviation of 0.3 km/day. Even taken this into account, the remnants
of the Jeannette would have drifted fast compared to the Fram drift. Maybe the drift along the east coast of Greenland was
310 faster than the 400 days estimated by Nansen? E.g., NP-01 drifted along the east coast of Greenland from 80°N to 70°N
between 29 Dec 1937 and 19 Feb 1938 in only 52 days. Better constraints on the drift along the east coast of Greenland may

be needed before we can use the Jeannette drift in quantitative terms in the context of the present study.

5. Summary and conclusions

The historical drift expeditions provide a 130-year time series of Arctic sea ice drift speeds that extends available data for the
315 past decades back in time and agrees well with estimates of the increase in Arctic sea ice drift speeds over recent decades (e.g.,
Rampal et al., 2009). In particular the drift of the Sedov provides critical information that the Arctic transpolar sea ice drift
speed has increased already during the early 20" century warming period. Conversely, the increase in transpolar drift speed
during the time of the Sedov drift provides strong evidence that the early 20" century warming had profound effects also on
the central Arctic Ocean. There are very few other observations of the early 20™ century warming in the central Arctic Ocean.
320 More generally, the present study shows that on decadal time scales, the transpolar drift speeds follow closely the evolution of
Arctic wide temperatures. Observations from the historical drift expeditions provide additional, strong and direct evidence that
the increase in drift speeds in recent decades is not due to changes in the wind forcing. While we cannot give a final explanation
for the observed close relation between Arctic temperatures and drift speed, it seems very plausible that this is related to
changes in sea ice thickness. A direct relation between sea ice thickness and drift speed is to be expected from basic principles,
325 but which processes dominate in detail is not clear so far. The scaling of the drift speeds with the time intervals considered
shows that the transpolar drift speed increases at all scales. We can quantitatively explain this observed fractal scaling of the
drift speeds by a Brownian motion random walk process that includes auto-correlation and a mean drift term. Auto-correlation
affects the leveling-off of the speeds at short intervals. The mean drift term has little effect at daily time scales, but dominates
the drift at long intervals. The results and findings of the present study may not only provide a long-term data set of the Arctic
330 sea ice drift speed that can be used to benchmark climate models, but the statistics, scaling, and empirical relation with Arctic
temperatures may ultimately also help us to better understand as to why climate models often fail to reproduce the observed

acceleration of the Arctic sea ice drift speed.
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Appendix A

The drift speeds (Figure 3) and observed near-surface windspeeds (Figure 4) follow approximately a Rice distribution. The
335 Rice distribution (Rice, 1945)

(2 2
flx) = %exp <M> I (xll) (A1)

202 a2
is the distribution for the magnitude of a bivariate normal (Gaussian) distributed random variable with standard deviation o =
0, = 0, and mean pu = \/uZ + p2. I indicates the modified Bessel function of first kind with order zero. The mean over the

Rice distribution is given by

340 x= an er [(1 -0, (— g) -0l (— g)] (A2)

2
with 6 = — ;7 and /p and /, the modified Bessel functions of first kind with orders zero and one, respectively. In the limiting

case that 4 = 0 the Rice distribution reduces to a Rayleigh distribution:

x —x?
flx) = 2P (5 7 ) (A3)
with a mean
T
345 X = 0\/%. (A4)
. . . [ 0 6\] . .
For the observed sea ice drifts, 8 is between —0.1 and —0.2, so that the factor ez [(1 -0, (— 5) —-0L (— ;)] in (A2) is

between 1.06 and 1.1, i.e. the average drift speed at daily resolution is only increased by about 6% to 10% by the presence of

a mean drift term.

Code and data availability

350 Links and references to the data used in this study are provided in Section 2 on Data and Methods. Some of the data (for Fram,
NP-01, and Sedov) have been digitized from the published records by the author of the present paper. They will be made
available upon request for convenience for any party interested, but not published again, as the existing original publications

should remain the primary reference to these data.
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