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High latitude dust is an important contributor to the global dust cycle, which affects the radiative balance of the atmosphere. The frequency and severity of dust events are driven by variables such as wind speed, precipitation, temperature, surface cover type, and volcanic activity. The extent of impact of glacial retreat is yet to be determined, but glacial outburst floods, known as jökulhlaups, have been suggested to be a significant factor in the seasonal pattern of dust activity, with major jökulhlaups being attributed as a cause for an increase in dust activity in their subsequent year. However, in examination of ten meteorological stations from 1950 to 2009, there does not appear to be sufficient evidence that jökulhlaups are a significant driver of Iceland’s dust activity. Additionally, taking into account a larger range of dust codes, contributions from Icelandic dust plumes are found to be greater than previously assumed, with an average of 128 dust days per year as compared to a previously determined average of 34 dust days annually.
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INTRODUCTION

High latitude regions such as Iceland, Greenland, Canada, Patagonia, and New Zealand have been acknowledged as sizeable contributors to the global dust cycle (Prospero et al., 2012; Bullard, 2013; Bullard et al., 2016). Unlike dry mid-latitude regions such as the Sahara and Gobi Deserts, some high latitudes regions may be exposed to high levels of precipitation, humidity, and vegetation. Iceland, in particular, has low vegetation and high wind speeds, which enhance active dust transport, in spite of relatively high annual precipitation and seasonal snow cover. Additionally, the presence of volcanoes and glaciers contribute to the creation of several types of barren, sandy landscapes, including sandurs (glacial outwash plains), which serve as major dust plume sources (Arnalds, 2010).

The potential impacts of glacial activity on dust emissions occur through two main events: glacial retreat and jökulhlaups. The process of glacial retreat contributes sediment supply by reworking flood paths (Maizels, 1997) and through the process of glacier basal sliding abrasions, which is especially effective during the melting of warm-based glaciers like those of Iceland (Bullard, 2013). The correlation between glacier meltwater discharge rates and sediment concentration flux is not linear, and is therefore difficult to predict (Bullard, 2013). Jökulhlaups are glacial outburst floods and consist of two main types: subglacial and proglacial (Björnsson, 1992). Subglacial jökulhlaups are due to a breach in lakes that formed under glaciers through geothermal heating, and can be triggered periodically as a result of gradual melting over time, or by sudden volcanic or seismic activity (Björnsson, 2002). Proglacial jökulhlaups are the result of the overflow of proglacial lakes, which are created from glacial melt runoff which collects along the margins of the glacier extent. Both types of jökulhlaups carry sediment to sandur, where it can then be entrained into the atmosphere. It has been speculated that summer temperatures increase jökulhlaup activity and is responsible for the seasonal increase of dust activity, and additionally that major jökulhlaups may be responsible for sizeable increases of dust activity in their subsequent year (Prospero et al., 2012).

The main objectives of this study are to investigate whether changes in the frequency of dust activity can be attributed to glacial activity, and to reassess whether dust activity in Iceland is comparable to that in mid-latitude deserts. As no published official record of minor jökulhlaup activity is available, this study does not aim to prove or disprove the direct impact of minor jökulhlaups on dust activity, but rather aims to draw to attention other variables such as temperature, wind speed, and precipitation, which may hold more significant influence over dust activity. This study further investigates the impact of jökulhlaups by placing three major jökulhlaups (1955, 1996, 1999) in the context of long-term dust activity fluctuations.

MATERIALS AND METHODS

Synoptic observations were taken from meteorological stations run by the Icelandic Meteorological Office over the years of 1950–2009 from a total of ten different stations across Iceland as seen in Figure 1, grouped into three regions:
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FIGURE 1. Vegetation map of Iceland. Source: Based on data from National Land Survey of Iceland (http://www.lmi.is/en/okeypis-kort/).*Station locations added: Grímsstaðir (GR), Raufarhöfn (RF), Egilsstaðir (EG), Reykjavik (RK), Eyrarbakki (EY), Hæll (HL), Stórhöfði (ST), Vatnsskarðshólar (VT), Vík í Mýrdal (VK), Kirkjubæjarklaustur (KI).



(1)  Northeast (NE): Grímsstaðir, Raufarhöfn, Egilsstaðir;

(2)  Southwest (SW): Reykjavik, Eyrarbakki, Hæll;

(3)  South: Stórhöfði, Vatnsskarðshólar, Vík í Mýrdal, Kirkjubæjarklaustur.

Note that Raufarhöfn, Reykjavik, Eyrarbakki, Vatnsskarðshólar, Vík í Mýrdal, and Stórhöfði are situated close to the shoreline, while Grímsstaðir, Egilsstaðir, Hæll, and Kirkjubæjarklaustur are located further inland.

At all stations, synoptic dust observations were made every day of the year, 3–8 times a day. Many stations stopped reporting the present weather observations after the year 2009. A dust day is considered to be any day during which at least one observation of dust activity is observed, using synoptic dust codes as defined in the World Meteorological Organization Report (WMO, 2009). SYNOP codes of the present weather used in this study are 6 (dust in suspension, not raised by wind at or near the station at the time of observation), 7 (blowing dust raised by wind at time of observation, without the development of whirls or storms), 8 (developed dust whirls, but no storm), 9 (dust storm within sight within the past hour of observation), 30–32 (slight or moderate dust or sand storms), 33–35 (severe dust or sand storms), and additionally codes 4–5, which are used for the visibility reduced by volcanic ash resuspension and dust haze in Iceland. Codes 4–6 were omitted from the dust frequency studies published by Dagsson-Waldhauserová et al. (2013, 2014).

Average monthly temperature, wind speed, and precipitation were gathered from each of the stations via the Icelandic Meteorological Office1. Volcanic eruption records from 1950 to 2009 were taken from the Smithsonian Institution Global Volcanism Program2. These include the non-glacial volcanic activity in the Northeast (Askja and Krafla) and South (Hekla and Vestmannaeyjar’s Eldfell and Surtsey), as well as subglacial activity for Vatnajökull (Grímsvötn) and Mýrdalsjökull (Katla). Sandur and dust plume locations, as seen in Figure 2, were acquired from Arnalds (2010) by using Landsat and Moderate Resolution Imaging Spectroradiometer (MODIS).
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FIGURE 2. Major dust plume sources and estimated regions of deposition (Arnalds, 2010): (1) Dyngjusandur, (2) Hagavatn, (3) Mýrdalssandur, (4) Landeyjasandur, (5) Mælifellssandur, (6) Flosaskarð, (7) Skeiðarársandur.



RESULTS

Meteorological Observations at Each Station

Figure 3 takes an average of the temperature, precipitation, and wind speed at each station for each month over the 60 year period. It shows that the general annual trends in temperature follow the same pattern at all stations, with the Northeast colder than the Southwest, and the Southwest colder than the South, though with Kirkjubæjarklaustur temperatures more in line with Southwestern stations than Southern ones. A line is drawn at 5°C, above which the months will be referred to as “warm season” and below which will be “cold season.” Months falling between 5 ± 0.7°C will be considered “transitional,” sometimes acting as a warm season month while other times acting as a cold season month.
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FIGURE 3. Sixty year average (A) Temperature (°C), (B) Precipitation (cm), and (C1) Wind speed (m/s) at each station for each month. (C2) provides a closer look at station wind speed disparities without Stórhöfði. Grímsstaðir (blue [image: image]), Raufarhöfn (blue - - -), Egilsstaðir (blue –), Reykjavik (cyan [image: image]), Eyrarbakki (cyan - - -), Hæll (cyan –), Stórhöfði (red [image: image]), Vatnsskarðshólar (red - - -), Vík í Mýrdal (red –), Kirkjubæjarklaustur (black –).



Like temperature, precipitation ranges are distinguishable by region, though here, Kirkjubæjarklaustur aligns with the Southern stations instead of the Southwestern ones. Vík í Mýrdal precipitation records also far exceed the other stations. Grímsstaðir is the only station with warm season precipitation rising over cold season precipitation. Note that these precipitation records do not distinguish between types, such as rain or snow. No consistent, long-term record of snowfall exists for this time period.

Unlike temperature and precipitation, wind speed does not segregate by region, but rather by proximity to the coast or mountains. Coastal stations Raufarhöfn, Reykjavik, Eyrarbakki, and Vatnsskarðshólar tend to group together with a trend of higher wind speeds, while inland stations of Egilsstaðir, Hæll, and Kirkjubæjarklaustur group together with lower wind speeds. Grímsstaðir, despite also being an inland station, has moderate wind speeds, while Vík í Mýrdal, another coastal station, has wind speeds that are more similar to the inland stations, likely due to its location being sheltered by surrounding mountain terrain. Stórhöfði, the only separate island station, stands as an outlier, with its average wind speed exceeding the other stations’ maximums.

Dust Day Frequency at Each Station

Figure 4 shows the average number of dust days per month over the 60 year period at each station, with the final plot showing the average for the whole of Iceland. Each station peaks in dust day frequency (DDF) at the beginning of the warm season. Overall, dust activity is greatest in the summer, May through July, and lowest in the winter, December and January. Shown in Figure 5, Stórhöfði leads in average number of dust days per year with over 40, while also leading in wind speed at around 11 m/s, which is about 5 m/s above the next highest wind speed. Vík í Mýrdal, with the greatest amount of precipitation averaging at almost 20 cm/year, is among the three lowest DDFs, next to Raufarhöfn and Hæll.
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FIGURE 4. Average number of dust days per year, with cold season (cyan), warm season (red), and transitional (yellow). NE stations in the first column, SW stations in the second column, and South stations in the third and fourth column. The bottom-right graph depicts the average number of dust days per year for all of Iceland.
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FIGURE 5. Average annual (A) Temperature, (B) Precipitation, and (C) Wind Speed over 60 year period. (D) Average number of dust days per year at each station: Grímsstaðir (GR), Raufarhöfn (RF), Egilsstaðir (EG), Reykjavik (RK), Eyrarbakki (EY), Hæll (HL), Stórhöfði (ST), Vatnsskarðshólar (VT), Vík í Mýrdal (VK), Kirkjubæjarklaustur (KI). NE stations in blue, SW stations in cyan, and South stations in red, with Kirkjubæjarklaustur black.



Figure 6 depicts the annual DDF for each region across the 60-year period. Included are vertical lines indicating volcanic eruptions and major jökulhlaups with the potential of affecting annual dust activity. Three major jökulhlaups are indicated in the figure, two from Mýrdalsjökull (located in South Iceland) in 1955 and 1999, and one in 1996 at Grimsvötn Gjalp (from Vatnajökull, which is bordered by Dyngjusandur on its north end and Skeiðarársandur on its south end). In South stations, the 1999 Mýrdalsjökulhlaup is followed by an increase in DDF the next year, but the 1955 Mýrdalsjökulhlaup is followed by a drop in DDF the next year. There is an increase in DDF seen in several stations the year following the Grimsvötn jökulhlaup, but greater peaks are seen throughout the 60 year period. However, the nearest weather stations from the jökulhlaup-affected areas are not always on the main dust plume paths and many dust events remain unreported. This occurs especially in South Iceland where dust plumes from the Mýrdalssandur and Skeiðarársandur areas head directly toward the ocean. The number of dust events after the jökulhlaups can therefore be underestimated.
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FIGURE 6. The line graphs along the y-axis indicate the number of dust days each year, separated by region. (A) NE stations: Grímsstaðir ([image: image]), Raufarhöfn ( – – –), Egilsstaðir ( –), (B) SW stations: Reykjavik ([image: image]), Eyrarbakki ( – – –), Hæll ( –), (C) South stations: Stórhöfði ([image: image]), Vatnsskarðshólar ( – – –), Vík í Mýrdal ( –), Kirkjubæjarklaustur ([image: image] dotted line). Volcanic eruptions (∆) and major jokulhlaups (black ∗) depicted with vertical lines. In southern Iceland, there are eruptions in Vestmannaeyjar (red ∆) and Hekla (magenta ∆); in NE Iceland, there are eruptions in Askja and Krafla (blue ∆) and Grimsvötn (cyan ∆). The jökulhlaup (black ∗) in 1996 occured at Grimsvötn Gjalp, while the other two lines (black ∗) indicate Mýrdalsjökulhlaups in the South.



The most consistent dust activity occurs in South stations, but stations in other regions, such as Grímsstaðir and Eyrarbakki, experienced sharp increases in DDF that at times matched that of Stórhöfði. As seen in Figure 5, this contributes to their high number of average dust days per year. Overall though, Stórhöfði had the highest number of dust days, with a total of just under 2500 dust days from 1950 to 2009, as compared to 118 dust days previously reported at Stórhöfði from 1949 to 2011 (Dagsson-Waldhauserová et al., 2014).

DISCUSSION

Seasonal Dust Day Variability

In each station, during the cold season, DDF increases as average temperature rises toward the warm season. It peaks at the start of the warm season, but dips before the return of the cold season. The drop that occurs after the start of the warm season may be because the increased temperature is accompanied by decreased wind speeds. There is likely a threshold temperature around 5°C, below which temperature acts as the limiting factor, as warmer temperatures are necessary in order to evaporate moisture between sediments and reduce particle adhesion for entrainment. Above 5°C, the rate of dessication may be sufficient for the frequency of entrainment to be determined mostly by wind speeds.

Other variance within the warm season may be due to precipitation. If DDF was only determined by wind speeds, it would increase as wind speed picks up after July. Instead, DDF drops even more sharply, coinciding with the sharp increase in precipitation after July. Though precipitation increases up through October, wind speeds also steadily increase, surpassing a threshold at which it outcompetes the effects of heavy precipitation. Once the cold season starts after September or October, entrainment is once again limited by desiccation rate, despite continually increasing wind speeds.

Dagsson-Waldhauserová et al. (2014) reported 1965 to be the driest year for SW Iceland in 100 years, and it is during that same year that Reykjavik peaks in DDF, further indicating a relationship between moisture and entrainment frequency. Furthermore, Dagsson-Waldhauserová et al. (2014) reported that almost half of the dust events in the south part of Iceland occurred in the winter or at subzero temperatures. Though including the dust haze synoptic code increased the number of dust days observed during warmer temperatures, the presence of cold-weather dust activity indicates greater connection of dust events to moisture as opposed to temperature.

Annual Dust Day Variability

Volcanic eruptions that took place within this time period do not appear to have a significant long-term effect extending more than a year beyond the time of eruption, though they may have sizeable impacts on short-term dust activity. For instance, the Eyjafjallajökull eruption in 2010 had increased the dust storm frequency in South Iceland significantly during the 6–9 months following the start of the eruptive explosion (Arnalds et al., 2013; Dagsson-Waldhauserová et al. (2014), though this eruption year is not included in the presented analysis, as it is outside the examined time frame.

While records of minor seasonal jökulhlaups are not present for the observation of seasonal impacts, major jökulhlaups do not appear to have a consistent impact on annual DDF. Prospero et al. (2012) attributes the increase of dust concentration at Stórhöfði in 1997 potentially to the 1996 jökulhlaup, but the total dust days for Stórhöfði in 1997 was 40, which is just below Stórhöfði’s 60 year annual mean of 41.6 (standard deviation of 15.8). They additionally linked the increase in dust concentration at Stórhöfði in 2000 to the 1999 Mýrdalsjökulhlaup, and though the number of dust days in 2000 was relatively high at 74 (two standard deviations above the mean), there are two other spikes in annual dust day number (1981 and 2002) that are at least two standard deviations above the mean and not temporally proximal to a major jökulhlaup. It may be relevant to note that the year 2000 coincides with an eruption of Hekla, located in Southwest Iceland just north of Landeyjasandur. The DDF in 1956, the year following the 1955 Mýrdalsjökulhlaup, was 17, which is greater than a standard deviation below Stórhöfði’s 60 year mean. Remaining South stations also did not reflect DDFs above their stations’ annual mean in the year following each of the three jökulhlaups.

Variability of Dust Activity Between Stations

Variations in overall DDF between stations may be due to sediment availability and the downwind location of stations from the dust plume sources. While Stórhöfði’s spot as the highest DDF can be attributed to its extraordinarily high wind speeds, other stations are not as simple. Vík í Mýrdal’s spot among the lowest three DDFs can be attributed to its extraordinarily high precipitation, as well as the fact that synoptic codes for this station were only measured at 9 a.m. and 9 p.m., missing long periods during the day at which dust activity may have occurred. The placement of Hæll and Raufarhöfn among the bottom three alongside Vík í Mýrdal may be due to their location in more vegetative regions, as can be seen in Figure 1. Vegetation serves to prevent erosion by holding together ground sediment and acting as a buffer between entrainable particles and the atmosphere. Egilsstaðir, with unremarkable temperature and wind speeds, but somewhat low precipitation, also has some vegetative cover and, like Raufarhöfn, is a fair distance from a dust plume source. However, it manages a moderate DDF compared to Hæll and Raufarhöfn, mainly due to dust flowing in the northeast direction from the Dyngjusandur dust plume source (Arnalds et al., 2016).

Vatnsskarðshólar has moderate wind speeds and is located in proximity to the Mýrdalsjökull floodplain. Despite this, it experiences a fair amount of precipitation, which is likely responsible for limiting its resulting DDF. Kirkjubæjarklaustur, which has similar wind speeds and precipitation to Vatnsskarðshólar and is likewise situated near major floodplains (Skeiðarársandur and Mýrdalssandur), follows with a similar resulting DDF.

The remaining stations Reykjavik, Eyrarbakki, and Grímsstaðir may owe their DDFs to a combination of moderate meteorological factors and unremarkable locational factors. Reykjavik has moderate temperature, precipitation, and wind speed, and is located a moderate distance from the Hagavatn dust plume source, but also receives dust from the South coast (Landeyjasandur) (Arnalds et al., 2016). As a result, its DDF falls in between the median three (Egilsstaðir, Vatnsskarðshólar, Kirkjubæjarklaustur) and the top three (Eyrarbakki, Grímsstaðir, Stórhöfði). Eyrarbakki, though also with fairly moderate meteorological factors, is located more proximally to an intersection zone of dust plume sources from Hagavatn, Landeyjasandur, and Mælifellssandur. Finally Grímsstaðir, with moderate wind speeds but extraordinarily low precipitation, is located within the dust plume region of Dyngjusandur, surrounded by barren desert.

Grímsstaðir in Northeast Iceland was originally the station with the highest reported frequency of dust storms in Iceland (Dagsson-Waldhauserová et al., 2013, 2014). Inserting all the dust codes into the analyses shows that the highest frequency of dust codes is now reported from South Iceland, at Stórhöfði. This describes the general situation in South Iceland, where many dust plume sources are located close to the seashore and dust plumes can only be captured on satellite images (Dagsson-Waldhauserová et al., 2014). Monitoring stations floating on the sea south of Iceland could possibly record the highest rates of airborne dust observations.

CONCLUSION

The analysis of dust day variability reveals correlation to location and wind speed. Location, such as proximity to dust plume sources and sandurs, determines whether there is ample exposed sediment supply, while high wind speeds enhance the transport of that accessible supply. Wind direction and gust, precipitation type, and duration of daylight exposure have yet to be accounted for, and may explain discrepancies in the relationship between meteorological variables and DDF.

The volcanic eruptions alone seem not to correspond to the frequent spikes in DDF year to year. There is an average of one eruption every 3–4 years in Iceland (Thordarson and Höskuldsson, 2008). Jökulhlaups in Iceland occur more frequently than explosive volcanic eruptions, and large jökulhlaups can bring >5 million tons of fine deposits (grain size < 0.05 mm) available for suspension every year (Jensen et al., 2018). Yet it appears that even the largest jökulhlaups do not directly lead to a significant increase in dust activity. This might be because jökulhlaups increase supply in active sandur regions that are not limited by sediment supply. If this is the case, minor jökulhlaups also may not be significantly accountable for seasonal DDF variability. The areas of main jökulhlaups are, however, poorly monitored, because the weather stations are not located in the main pathways of dust plumes from such places. This can cause the underestimation in number of dust SYNOP codes (O’Loingsigh et al., 2010; Arnalds et al., 2016).

Potential long-term impacts of glacier retreat must then reside primarily in the expansion of erodible surface area that was once covered by glaciers, thereby increasing the extent of areas rich in sediment supply. However, floodpaths and vegetation cover may also shift over time to balance this. A possible outcome is that floodplains initially expand as the rate of melting and magnitude of flooding increase; then, as the size of the glacier decreases and the size of its floods follow suit, the floodplains will subsequently be subjected to vegetation succession, especially in the lowland areas. This may eventually reduce the size of sediment supply areas, though many of the most active sand surfaces are hostile to vegetative succession due to abrasion (Vilmundardóttir, 2014).

Overall, we find that the frequency of dust day activity is higher than previously suggested, with an average of about 128 dust days annually for all Iceland, as compared to the previous annual mean of 34 dust days. Dust particles need to be further quantified and qualified in terms of their size and type for a better prediction of the potential impact of future fluctuations in dust activity on global radiative balance.
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