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Karlsen [2] suggested that calcite sunstones could be used when the setting/rising sun is obscured by fog/cloud to derive the solar meridian from the polarized skylight emanating from around the zenith (Figs. 1A, 6). This technique would not provide information on the solar elevation angle, thus the moment of sunset can be appointed with about 45 minutes bias in time of Equinox, and about 90 minutes bias in time of summer solstice. The moment of noon is even more dubious. Length of the noon shadow is the shortest, but it will hardly change while the sun seems to travel parallel with the horizon. On the day of summer solstice the solar elevation angle varies less then 0.5° within a period of 75 minutes around noon characterised by a practically constant shadow length, while the solar azimuth angle changes by 30°. This period is perfect for observing the shortest shadow length to estimate current latitude, but it is hardly possible to appoint south without a reference for local solar time. Only a rough guess on the direction of south can be made.

Sun-compasses are more flexible and were found to be remarkably efficient on board of small sailing ships [1]. Theoretically, they can provide true directions from sunrise to sunset. In practice, their operation period is limited by their dimensions. Even at the 61o latitude the sun ascends to 52.4° above the horizon at noon on the day of the summer solstice, thus a thin and high gnomon should be used that sets well-visible cast shadow at high solar elevations (Fig. 1B). Around noon the shadow length hardly changes, while the solar azimuth changes quickly, so small sun-compasses are quite unreliable in this period. On the other hand, a sun-compass can be oriented only when the shadow tip falls on the dial, thus it cannot be used when the sun is below a minimum solar elevation angle defined by the height of the gnomon and the radius of the dial. Since Viking instruments must have been small enough to be carried by the navigators, their hand-held sun-compasses most probably were useless for hours at noon, before sunset and after sunrise.

If the Uunartoq artefact was used as a sun-compass, its characteristics are puzzling: (i) The large central hole is unexpected, although central sections of the gnomonic lines on a small sun-compass are quite useless, and one may choose to use this space for more practical functions. (ii) It is more puzzling that both lines terminate well before the perimeter (Fig. 2). In the case of a dedicated sun-compass a larger compass disc bearing complete gnomonic lines would be rational. (iii) Although the southern incised line resembles a hyperbola, it does not fit to the real path of the tip of the shadow of a central gnomon on any date at the 61o latitude. Fair, but not good fit could be achieved about three weeks after Equinox (Fig. 2A). (iv) One may also note that the supposed marking of north does not point to 0°, but to 8.7°. This loose marking of cardinal directions was attributed to the erroneous division of the compass rose. Puzzling details may simply be flaws originating from the primitive production environment, and the fragment may even be a discarded shoddy piece, but some unaddressed details may be purposeful elements.

Operation of primitive solar navigation instruments is limited to distinct sections of the day. Considering the average cruising speed of about 6 knots (11 km/h) of Viking ships [2] this is not a serious hindrance. Navigators could maintain course for several hours steering by wind, waves and cast shadows of ship parts until a correction could be made. However, accurate orientation is essential, especially if reference bearings are rarely available and no fix on location can be gained. A relevant source of solar navigation error is disregarding the seasonal shift of the ecliptic that is the apparent path of the sun in the sky. Gnomonic lines and azimuth angles of the setting and rising sun are valid only on given days of the year at a given latitude. Luckily, forenoon and afternoon deviations originating from using an inappropriate gnomonic line compensate each other [1].
A horizon board could be used to derive true directions only three times a day, (i) at sunrise and (ii) sunset by aiming at the sun with the central and the peripheral pecks (Fig. 1A), and (iii) possibly at noon, if the direction of the shortest daily shadow of the central peck can be recorded. Proper timing is crucial, reading a false solar azimuth due to missing the right moment transforms directly to a navigation error. Appointing the moment of sunrise, sunset and noon without a chronometer and nautical tables is not trivial at northern latitudes. People of temperate and tropical countries are accustomed to rapid sunsets, but in arctic regions the rising and setting sun seems to roll on the horizon. On the day of the summer solstice at the 61st latitude the sun disc subtending an arc of 0.52° needs 10 minutes to cross the horizon, while its azimuth angle changes by 2°. In clear weather navigators may follow a convention like modern astronomers and define sunset or sunrise by the moment when the upper limb of the sun disc seems to touch the horizon. But when the setting or rising sun is obscured by fogbanks laying over the sea surface or distant cloud layers seen around the horizon, the time of sunset and sunrise can be identified with a significant bias (Fig. 6A).

The twilight compass is quite accurate until the middle of April at the 61st latitude allowing a safe return by the end of March. Risks of such an early crossing would be unacceptably high in our time, but could have been admissible during the Viking era and could augur well. According to the Irish monk and geographer, Dicuil, the 8th century Irish and Scottish monks regularly could sail to the Faroes in February [20]. Considering the error of the Julian calendar, it would be March in the Gregorian system. In springtime the Greenland colony was hungry for fresh supplies of metalwares, timber and textiles, and was ready to pay in hides, skin ropes and walrus ivory. These commodities were highly appreciated luxuries throughout northern Europe, but every day of the navigation season might be needed to deliver them and take the profit home before winter froze lines of communication. Since the come of Equinox is easy to perceive from any continents, commodities could wait embarkation at prominent farms. Repairs and trading could take several days, but the ship could be ready to leave by the end of March. The artefact dial is equally functional during the autumn equinoctial period defining the dates of 1 and 30 September. Vikings kept on sailing until mid-October, but a North Atlantic crossing in September is less justified by mercantile considerations.

Some written sources contradict this equinoctial schedule. According to the Saga of the Gotlanders (Icelandic Saga Database, http://sagadb.org/), the sailing season on the Baltic lasted from May to end of October. The 13th century King’s Mirror suggests that sailing to or from Greenland should take place during the height of summer. This conflict might be a result of the late origin of these documentaries. Even the known forms of the Sagas were written down only in the 13th century and might have been interpreted in accordance with the cooling climate and decay of mercantile activities in the region [21]. Possible sources of discrepancies are the asynchronous calendar systems (primarily Julian and old Nordic) referred in the original narratives. It is more important that the 11th century belongs to a temporary warming epoch, the Medieval Climate Optimum: Ice cores originating from Greenland and sediment samples from the West Icelandic sea bottom prove that sea ice started to build up in the 13th century and the climate of Greenland was the coolest during the 14th century in the past 700 years [22]. Ocean conditions were relatively calm from the 8th until the 12th century, sea ice was less dense and transatlantic navigation during March by the Gregorian calendar might have been considerably safer than two hundred years later or today [20, 22, 23]. All interpretations of the artefact dial dictates that it was used in the equinoctial period.

One should not underestimate the observations and experience needed, but this instrument utilises significant knowledge of geometry, the movement of the sun and atmospheric optics. Good and trivial the shadow-stick may seem to us, easily the sight of the setting sun may inspire one to turn his compass, but we may reconstruct Viking navigation methods reclining only on an inventory confirmed by archaeological artefacts and written sources. Vikings had the knowledge and appropriate tools to navigate with dedicated twilight boards. In contrast to many modern societies, they also had extensive experience from outdoor activities and were used to pay attention to weather and their environment for farming practices, hunting, fishing and transportation. It cannot be proven that Vikings could solar or sky-polarimetric navigation after sunset until artefacts shadow-sticks and sunstones are not presented, although the method could function on ground or on board of big, stable ships. Its practicability on board of a crowded longship or a tumbling knar may be proven only by testing the method on board of long-haul replica ships.

The potential of precise navigation by the use of a twilight board is remarkable for its simplicity. A Viking navigator using the Uunartoq artefact in March could have relied on navigation cues any time during the day and night in a favourable weather. It provides reliable orientation in the hours before sunset and after sunrise without auxiliaries. At sunset and sunrise it can be used as a horizon board. When the solar elevation is too high and the gnomon does not cast shadow, rough orientation is possible by aligning to the sun. If used as a twilight compass when the sun is below the horizon but not lower than (8°, the instrument acts as a functional analogue of modern skylight compasses, which had key roles in polar navigation for decades. In this period the intensity of skylight is high enough and its polarization characteristics can be analysed by birefringent crystals. When the sun is lower than (6° below the horizon, nautical twilight begins. Then the sky is dark enough to take reliable sightings of well-known stars and use the still visible horizon for reference until the sun is not lower below the horizon than (12°. Stars can be taken as directional and latitude reference until civil dawn, when the twilight compass can be used again. Civil twilight lasts long in the arctic countries in the summer rendering twilight compasses most valuable. Theoretically, the twilight compass could be used from sunset until sunrise on the nights of perpetual brightness.
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Supplementary Figures with Legends
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Supplementary Figure S1: (A) Photograph of the pendulum-supported twilight compass set up on a tripod in a marked position on a terrace of the Eötvös Univerity in Budapest, where our field tests were performed. (B) At this position the rising and setting sun was obscured by nearby buildings at solar elevation angles s < 10° (dashed circle) during the whole equinoctial period, while a greater part of the sky was well visible for the observers. Dashed arcs show the path of the sun on 24 August and 19 October, which are the boundary days of the equinoctial period.
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Supplementary Figure S2: Demonstration of assessing the sun position. (A) First, the observer analysed the polarization pattern of the sky with two prepared calcite crystals (sunstones) to estimate the position of the sun obscured by nearby buildings. (B) Then, the solar elevation angle was estimated by bare fists and fingers.
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Supplementary Figure S3: Demonstration of orienting the twilight board. (A) Using the prepared shadow-stick and the previously estimated solar elevation and azimuth angles, the observer first oriented the twilight compass, during which the magnetic compass was always covered by a black plastic cap. (B) Then, the experiment leader carefully removed the cap of the magnetic compass and took a photograph of the scales, which was evaluated later.
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