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Abstract:



Albedo is a key variable in the response of glaciers to climate. In Iceland, large albedo variations of the ice caps may be caused by the deposition of volcanic ash (tephra). Sparse in situ measurements are insufficient to characterize the spatial variation of albedo over the ice caps due to their large size. Here we evaluated the latest MCD43 MODIS albedo product (collection 6) to monitor albedo changes over the Icelandic ice caps using albedo measurements from ten automatic weather stations on Vatnajökull and Langjökull. Furthermore, we examined the influence of the albedo variability within MODIS pixels by comparing the results with a collection of Landsat scenes. The results indicate a good ability of the MODIS product to characterize the seasonal and interannual albedo changes with correlation coefficients ranging from 0.47 to 0.90 (median 0.84) and small biases ranging from −0.07 to 0.09. The root-mean square errors (RMSE) ranging from 0.08 to 0.21, are larger than that from previous studies, but we did not discard the retrievals flagged as bad quality to maximize the amount of observations given the frequent cloud obstruction in Iceland. We found a positive but non-significant relationship between the RMSE and the subpixel variability as indicated by the standard deviation of the Landsat albedo within a MODIS pixel (R = 0.48). The summer albedo maps and time series computed from the MODIS product show that the albedo decreased significantly after the 2010 Eyjafjallajökull and 2011 Grímsvötn eruptions on all the main ice caps except the northernmost Drangajökull. A strong reduction of the summer albedo by up to 0.6 is observed over large regions of the accumulation areas. These data can be assimilated in an energy and mass balance model to better understand the relative influence of the volcanic and climate forcing to the ongoing mass losses of Icelandic ice caps.
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1. Introduction


The albedo of a surface is defined as the fraction of the incoming solar radiation that is reflected by this surface. It is a key variable for calculating a glacier’s surface energy balance and thus its mass balance since it defines the amount of solar radiation that is absorbed at the glacier surface and available for melt [1,2]. For instance, the role of albedo in the Greenland ice sheet mass balance has received much attention since its evolution could greatly affect Greenland´s contribution to sea level rise in addition to that caused by atmospheric warming alone [3,4,5,6]. In contrast, glaciers in Iceland hold only a 1 cm potential contribution to sea level rise [7] but they can undergo very large albedo variations due to the deposition of volcanic ashes during volcanic eruptions or by the blowing of ashes from previous eruptions during storms [8]. The volcanic ash is produced during explosive eruptions of the volcanoes in Iceland and can be transported by wind over tens of kilometers, depending on the atmospheric conditions and the particle properties [9,10,11]. Also, buried layers of tephra from past eruptions may become exposed by glacier ablation. Since the ash is generally made of dark-colored basalt particles that strongly contrast with the snow and firn surfaces (at least in the visible portion of the spectra), this can cause strong seasonal and inter-annual variations in the albedo of Icelandic glaciers. Albedo observations are therefore important to understand and quantify a glacier’s response to climate variability.



Recently, two major events caused significant ash deposition on Icelandic glaciers. The first event is a sequence of eruptions at Fimmvörðuháls from 20 March to 12 April 2010 followed by Eyjafjallajökull volcanoes from 14 April to 22 May 2010 [10]. These eruptions ejected large amounts of fine dark trachyandesite tephra particles, leading to the closure of the airspace in many west European countries but also to the darkening of the Icelandic glaciers due to ash falls. The 2010 summer ablation of Langjökull and western Vatnajökull ice caps was up to three times higher than the average during the preceding warm decade [12]. A year later, the Grímsvötn volcano erupted from 21 to 28 May 2011 and ejected basalt particles, also causing ash deposition and air travel disruptions, but mostly in Iceland due to the direction of the prevailing wind and the coarser size of the ash particles in comparison with the Eyjafjallajökull eruptions [13].



In collaboration with the National Power Company, the Institute of Earth Science at University of Iceland has installed a number of automatic weather stations (AWS) on the Langjökull and Vatnajökull ice caps. The AWS instruments include upward and downward looking shortwave radiometers on the ice caps that allow direct measurement of the albedo at the station locations (Section 2). However, the stations provide only point measurements that do not capture the spatial variability of the albedo over the whole extent of the ice caps. Optical satellite remote sensing techniques provide the opportunity to complement these data with spatially distributed observations. In particular mid-resolution sensors with a large swath, like the MODerate resolution Imaging Spectroradiometer (MODIS), have a daily repeat cycle that enables the reconstruction of the land surface albedo with a temporal resolution that is compatible with the rapid changes of the ice cap surfaces. Among the remote sensing albedo products, the MODIS Bidirectional Reflectance Distribution Function (BRDF)/albedo products are probably the most widely used [14]. The MCD43A3 product [15] provides measurements of the global land surface spectral and broadband albedo on a 500 m resolution grid based on 16 days of multi-angular observations.



MODIS data has been used to study the effect of the 2004 eruption in Grímsvötn on the albedo of Vatnajökull ice cap and how it evolves after the eruption [8]. Previous evaluation studies of the MODIS albedo product in glacier environments focused on the Greenland ice sheet [16,17]. The same MODIS product was also used to analyze inter-annual albedo changes over the Greenland ice sheet [5]. However, as explained above, the albedo of Icelandic glaciers is expected to have larger temporal and spatial variability than that of the Greenland ice sheet. The daily revisit capability of MODIS is in theory appropriate to monitor the rapid changes of albedo due to ash deposition, snow fall, or snow melt [18], but the actual frequency of observations per pixel can be strongly reduced by cloud cover. Clear skies are rare in Iceland due to the persistent cyclonic activity in the North Atlantic known as the Icelandic low [19]. The MODIS resolution at nadir is close to 500 m, which is considerably larger than the typical horizontal variability of albedo, especially in the ablation area (Figure 1).


Figure 1. Photographs of the Vatnajökull ice cap. (A) Volcanic tephra in the ablation area (photograph taken on 6 September 2014); (B) AWS tunmi in mid-summer 2001, showing water channels beneath the radiometer causing small scale variability in albedo.
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The previous version of the 16-days MODIS albedo (v005) albedo was evaluated in the period 2000–2008 using two stations on Tungnaárjökull, the western outlet glacier of Vatnajökull (AWSs tunef and tunmi, Figure 2) [8]. The RMSEs with respect to the in situ albedo for the two stations were 0.12 and 0.09 with no systematic deviations. Since then, a new version of the MCD43 product (V006) has been generated based on the reprocessed collection 6 level 1 MODIS data (released in 2015). Collection 6 includes the latest improvements made by the MODIS science team since the release of collection 5 in 2008 [20]. This update is of relevance for albedo studies since it is designed to remove a long-term drift in the visible and near-infrared bands caused by the aging of the MODIS sensor aboard the Terra satellite that was observed in the Collection 5 dataset [21,22]. Also, relevant for this study, is the improvement of the geolocation grid based on a new terrain correction and updated sensor geometric parameters [23]. The cloud masking algorithm was also improved, but the expected gain in the number of observations mainly affects desertic and very humid tropical areas [24]. MCD43 version V006 achieved a stage 3 validation status according to the NASA MODIS land team, which means that “its accuracy is well less than 5% albedo at the majority of the validation sites studied thus far, and even those albedo values with low quality flags have been found to be primarily within 10% of the field data. Data for solar zenith angles greater than 70 degrees should be considered suspect.” (Validation Status for MODIS BRDF/Albedo: MCD43, Product version: Collection 5/6, November 2015).


Figure 2. Map of Iceland showing the location of the AWSs on the Vatnajökull (brune, brumi, bruef, breid, tunef, tunmi, hoffef, hoffne) and Langjökull (langef, langne) ice caps. The main ice caps are labeled with a blue capital letter (D: Drangajökull, E: Eyjafjallajökull, H: Hofsjökull, L: Langjökull, M: Mýrdalsjökull, V: Vatnajökull).
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Here, we present an evaluation of the latest MODIS albedo product (MCD43A V006) in Iceland. Our first motivation is to assess the reliability of this product for future assimilation in an energy and mass balance model of the Icelandic ice caps. Therefore, given the persistent cloud coverage in Iceland, we started by analyzing the amount of missing data in the MCD43 albedo product (Section 3.1). Then, we used continuous incoming and outgoing shortwave radiation measurements made at 10 AWSs in the period 2001–2012 on Vatnajökull and Langjökull ice caps to assess the product accuracy (Section 3.2). In addition, higher resolution images from Landsat were used to assess whether subpixel variability can help explain the discrepancies between the in-situ and MODIS data (Section 3.3). Finally, albedo maps for Iceland are generated to quantify the effect of dust deposition on the albedo of the ice caps in the aftermath of the two aforementioned volcanic eruptions (Section 3.4).




2. Data and Methods


2.1. MODIS Albedo


We used the latest version of the MODIS (Aqua/Terra combined) MCD43A albedo product V006 [15] (released in late 2015). Only MODIS tile h17v02 was used, as it covers the entire study area. We extracted the black-sky and white-sky broadband shortwave albedo values in every MODIS granule (one per day) between 1 January 2001 and 31 December 2012 at the 10 AWS locations using the gdallocationinfo utility of the Geospatial Data Abstraction Library [25]. The black-sky albedo is the directional-hemispherical reflectance, i.e., albedo in the absence of diffuse illumination, while the white-sky albedo is the bi-hemispherical reflectance, i.e., albedo in the absence of direct illumination. We accounted for the horizontal displacement of the AWS due to glacier flow by using coordinates that were measured every year in summer at each AWS (see Section 2.2). Missing annual coordinates values (8%) were filled by the average of the other years’ coordinates for each AWS. As recommended by the data provider [15,26], the data were discarded if the solar zenith angle is higher than 70° at the time of the latest MODIS acquisition. Before 02 July 2002, the MODIS sensor was only onboard the Terra platform, hence the acquisition time is around 10:30 in local solar time (LT). After that date the acquisition time is given by Aqua overpass time (13:30 LT). The data that were flagged as bad quality retrievals in the MODIS product ancillary files were not removed to maximize the number of observations. These quality flags are very conservative and lead to a strong reduction of the number of observations if flagged data are removed (about ten times less values, up to zero data at one station). This would make the data barely useful for our long-term goal, which is to provide the albedo maps in a surface energy balance model applied on Icelandic glaciers. For the comparison with AWS data, we computed the actual or “blue-sky” albedo as the average between the black-sky albedo and the white-sky albedo assuming a constant fraction of diffuse illumination as done by [8]. In any case, the differences between the two albedo values are very low in high-latitude regions [8,17]. In our study area the relative differences are lower than 5%.



Then, the broadband shortwave black-sky albedo product was used to study the effects of the Eyjafjallajökull 2010 and Grímsvötn 2011 eruptions on the summer ice caps surfaces (Section 3.4). Every granule of tile h17v02 for the summer months (1 July to 1 September) from 2001 to 2012 were re-projected from sinusoidal grid to the WGS84 UTM 28N coordinate system. This was done with the NASA’s MODIS reprojection tool without changing the original resolution (approximately 500 m) using the nearest neighbor resampling method. We did not use the bilinear or cubic resampling method to avoid smoothing the albedo transition between the snow cover and the bare ice surfaces. Also, the implementation of these methods increases the number of no-data values since a pixel will get no-data value if at least one adjacent pixel is no-data.



From these data we built annual summer albedo composite images by calculating, for each pixel and for each year, the mean values of all available observations between 1 July and 1 August (Section 3.4). During this period the glacier surfaces are the least affected by recent ash or snow falls. A two-month period of integration was needed to sufficiently reduce the large number of missing data due to cloud obstruction. The mean and standard deviation of the annual summer albedo values within the area of the six main ice caps was computed from each annual summer composites to study the temporal evolution of the albedo for each ice cap (Figure 2). The ice caps polygons were obtained from the Corine Land Cover 2006 in Iceland, which was performed by the National Land Survey of Iceland. We have used this database because it gives the ice caps area for the year 2006, which is in the center of our study period (2001–2012). Last, we mapped the effects of the 2010 and 2011 eruption using the 2009 composite image as a reference. An albedo anomaly map was computed for both events by taking the difference between the reference and the post-eruption composites.




2.2. In Situ Data


The AWSs providing measurements to compute the full surface energy balance, have been operated on the Vatnajökull ice cap since 1996 and since 2001 on the Langjökull ice cap [27,28]. The AWSs measure every 10 min the incoming and reflected solar radiation along with other meteorological variables. In spring the meteorological instruments are mounted on a mast that follows the surface while the ice melts throughout the summer. All instruments were compared during test setups in Reykjavík before installation. The AWSs were visited in summer to ensure that they are functioning properly. Here, we used the incoming and reflected shortwave measurements from ten AWSs during the period 2001–2012 (Figure 2, Table 1). Three of the ten stations are operated throughout the year; the others are installed in early spring and taken down in late autumn. The daily albedo was computed as the ratio of the upward to downward daily incoming and reflected shortwave radiation totals (daily integrated albedo as in [16]). Data in the late autumn and winter when the solar elevation is low cannot be used to calculate the surface albedo and were therefore excluded (Table 1).



Table 1. Average locations of the 10 AWSs (Figure 2), time of operation and list of instruments. The Zone column indicates whether the AWS is located in the accumulation area (Ac) or in the ablation area (Ab), with ELA in parenthesis further indicating if it is close to the average equilibrium line altitude of the years 2001–2012.







	
Name

	
Lat, Lon, Elev. (m a s l) Average 2001–2012

	
Zone

	
Operation Period

	
Radiometer






	
hoffef

	
64.536, −15.594, 1130

	
Ac (ELA)

	
April/May–September/October

	
LI-COR until 2008/CNR1 since 2009




	
brune

	
64.728, −16.112, 840

	
Ab

	
All year

	
CNR1




	
brumi

	
64.575, −16.329, 1210

	
Ab (ELA)

	
April/May–September/October

	
CM14 until 2011/CNR4 in 2012




	
bruef

	
64.393, −16.701, 1525

	
Ac

	
April/May–September/October

	
CNR1




	
tunmi

	
64.337, −17.977, 1090

	
Ab (ELA)

	
April/May–September/October

	
CM14 until 2011/CNR4 in 2012




	
tunef

	
64.405, −17.610, 1460

	
Ac

	
April/May–September/October

	
CNR1




	
hoffne

	
64.430, −15.477, 95

	
Ab

	
All year

	
LI-COR sprlite (up)/LI-COR (down)




	
breid

	
64.093, −16.325, 200

	
Ab

	
All year

	
CNR1




	
langef

	
64.594, −20.376, 1105

	
Ac (ELA)

	
April/May–September/October

	
CNR1




	
langne

	
64.506, −20.457, 530

	
Ab

	
April/May–October/November All years during 2008–2012

	
CNR1










The radiative fluxes were measured using Kipp and Zonen CM14, CNR1 or CNR4 sensors (Table 1), all with relatively uniform spectral response over the range 0.3–2.8 µm, and uncertainty that has been estimated to be 3–5% on an ice sheet surface [28,29]. Exceptions are the stations hoffne, where the shortwave radiation was measured using LI-COR SPLite (incoming) and LI-COR (reflected) radiometers, and hoffef from 2001 to 2008 where LI-COR was used for both the incoming and reflected short wave radiation. The spectral response of the LI-COR instrument is not uniform over the full solar radiation range; it is very low at 0.4 µm, increases to 0.95 µm and decreases again to a cutoff at 1.2 µm [30]. The accuracy is given as ±5% in daylight conditions when the glass is kept clean but it may cause large errors at a low solar elevation or in wet condition (e.g., raindrops will act as a lens). From the AWS setup and the given field of view of the instruments, the footprint of the in-situ albedo measurements is estimated to be within a circle of 10 m to 15 m in diameter.



Two of the 10 AWSs, tunef and bruef, are located high in the accumulation area (Ac) (Table 1). Normally the surface below these sensors (within the footprint of the albedo measurements) represents the surface conditions in the surrounding areas (confirmed in our early-, mid- and late-summer visits to the AWSs). The stations brumi, hoffef and langef are located close to the present ELA and the station tunmi is at an elevation of about 100 m below the average ELA of the last decade. The surrounding areas of tunmi and brumi are flat and therefore temporary water retention (slush) and water channels can form below the instruments and/or in the surrounding areas. This has been observed during some of the mid-summer visits to the stations (Figure 1). The stations hoffef and langef are located where the surrounding surface slopes are larger than at tunmi and brumi and there are crevasses that drain the surface runoff. It is not expected that the measurements at these stations are disturbed by water channels or slush. The four lowest stations are all close to the glacier terminus with low observed winter accumulation during the years 2001–2012 (within 0.5–1.5 m), and hence the previous year summer surfaces are normally exposed during the early melt season. The following should be noted for those stations:

	
AWS brune was located about 3.5–4 km from the terminus. In the observation period the surface has lowered by about 30 m. The surrounding area is characterized by volcanic ash layers emerging from the ice in the ablation zone as the surface melts. Generally, the ice under this AWS and within tens of meters from the station is covered with sand and dirt resulting in very low albedo values.



	
AWS hoffne was just above a steep glacier front, around 0.5–0.7 km from the terminus. In the observation period the surface has lowered about 40 m. The station and the nearest surrounding areas are assumed not to be greatly influenced by dirt blown from the nearby non-glaciated areas. However, the lowest 100–200 m of the glacier front is heavily debris covered.



	
AWS breid was above a steep glacier front, around 1–1.5 km from the terminus. From 2001 to 2012 the surface has lowered by about 180 m. The area around this station consists of dark dirt bands and is located close to a medial moraine.



	
AWS langne was moved in steps up the glacier during the observation period, it is located 3–4.5 km from the terminus, depending on the year. The lowest terminus area is heavily debris covered, as a consequence of sand and dirt blown from the outside areas. The ice areas above this dark terminus region are considerably brighter. This AWS was located within the debris region until 2006, with the debris reaching at most 100 m above the station according to a 2004 SPOT image. As the glacier has been retreating, the station was moved higher up on the glacier in a few steps; it was located at the margin of the dark region and the cleaner ice above it in 2007, and then moved again in 2008 to a location of about 100 m above the terminus region. Hence, the in-situ albedo observations reflect a dirty surface until 2006/2007 and cleaner ice since 2008.









2.3. Landsat Data


To study the effect of the subpixel variability on the accuracy of the MODIS retrieval, we used the Landsat surface reflectance data from the United States Geological Survey. These images provide the surface reflectance at 30 m resolution for each Landsat spectral band after atmospheric correction. The surface reflectance values were converted to broadband albedo values using a narrowband-to-broadband albedo conversion for glacier ice and snow based on band 2 and band 4 [31]. This empirical formula was obtained from airborne measurements performed over Vatnajökull and Greenland [31].



A collection of 15 Landsat 5 and Landsat 7 scenes of the study area, that have a limited cloud cover based on the inspection of their quicklooks in the USGS Earth Explorer portal [32], were downloaded. Then, color composites of bands 5, 3 and 2 (shortwave infrared, red and green) were generated at full resolution to visually determine, for every image, at which AWS it was safe to extract the reflectance values in a region of 500 m × 500 m without cloud contamination (Table 2). This band combination was efficient to distinguish between the clouds and snow surface. We found that this manual approach was more reliable than an automatic method that relied on the cloud mask provided with the Landsat data. Indeed, in this area the default cloud mask is inaccurate due to the mixing of snow, ice, fog and cloud surfaces. The computed Landsat albedo was sampled for each selected pair of AWS site and Landsat scene. As an extraction mask we used a square polygon of 16 × 16 Landsat pixels (480 m × 480 m) to simulate the approximate size of a MODIS pixel (500 m × 500 m). The standard deviation of the sampled values was computed as an indicator of the spatial variability. Pixels marked as saturated in band 2 or band 4 were considered as no-data in the calculation. The effective size of a MODIS pixel can be larger than 500 m depending on the date of the acquisition due to the bowtie effect of the MODIS sensor at high view angle [33]. As a result, our method is expected to provide a lower bound of the albedo variability within a MODIS pixel. All these operations were made using the GDAL utilities [25] embedded in bash scripts.



Table 2. List of the Landsat scenes that were selected for this study. The AWS column indicates at which AWS location the extraction was performed.







	
Sensor

	
Date

	
Path

	
Row

	
AWS






	
LE7

	
10 August 2004

	
216

	
15

	
breid, bruef, brumi, brune, hoffef, hoffne




	
LE7

	
27 September 2004

	
216

	
15

	
breid, bruef, brumi, brune, hoffne




	
LE7

	
16 August 2006

	
216

	
15

	
breid, bruef, brumi, brune, hoffef, hoffne




	
LE7

	
7 August 2006

	
217

	
15

	
breid, bruef, brumi, brune, hoffef, hoffne




	
LE7

	
9 July 2007

	
217

	
15

	
breid, bruef, brumi, brune, hoffef, hoffne




	
LE7

	
26 July 2005

	
218

	
15

	
breid, bruef, brune, tunef, tunmi




	
LE7

	
6 September 2006

	
219

	
15

	
langef, langne, tunef, tunmi




	
LE7

	
22-September-2006

	
219

	
15

	
langef, langne, tunef, tunmi




	
LE7

	
12 July 2009

	
219

	
15

	
tunmi




	
LT5

	
23 July 2006

	
216

	
15

	
breid, bruef, brumi, brune, hoffef, hoffne




	
LT5

	
16 August 2009

	
216

	
15

	
breid, brumi, brune




	
LT5

	
19 June 2006

	
218

	
14

	
brune




	
LT5

	
27 June 2009

	
218

	
14

	
brune




	
LT5

	
30 August 2009

	
218

	
15

	
tunef, tunmi




	
LT5

	
19 July 2006

	
220

	
15

	
langne












3. Results and Discussion


3.1. Missing Data


The mean annual number of days without observation in the MCD43 product (including bad quality retrievals) during the period 1 January 2001 to 31 December 2012 was computed over the whole of Iceland (Figure 3). The average number of missing values is 49.9%, but it is higher over the ice caps, in particular in the central part of Vatnajökull, and in the north-west peninsula, Vestfirðir, where the snow probability is high [34]. The number of missing values is also higher in the high-elevation areas like the Tröllaskagi peninsula in the north, where the glaciers are rather small but where the snow probability is also high. This suggests that the missing values are related to the snow cover. Another area with a high probability of no-data is Skeiðarársandur, the large outwash plain in front of the terminus of Skeiðarárjökull (main south flowing outlet glacier of Vatnajökull).


Figure 3. Mean annual number of days with missing data during the period 2001–2012 in the MCD43A3 product. The black rectangle indicates the subset used in Section 3.4. The blue lines show the extent of the ice cap from the Corine Land Cover 2006 in Iceland.
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The snow covered areas are prone to cloud misclassification. Therefore the high presence of no-data in the MODIS albedo product may be partly inherited from the upstream MODIS cloud masking algorithm. However, this should not affect the sandur area, which is made of numerous braided rivers and dark sand plain that have a very different spectral signature than the clouds. Rather, it may be due to a convergence failure in the MODIS albedo/BRDF algorithm in this area. In any case, these results suggest that the MODIS coverage is strongly reduced in Iceland and therefore further applications to data assimilation in a glacier model should rely on an algorithm that is robust to missing values.




3.2. Comparison within Situ Data


There is an overall good visual and statistical agreement between the MODIS shortwave broadband black-sky albedo and the in-situ albedo AWS measurements (Figure 4 and Figure 5, Table 3). The seasonal variability in the in situ dataset is very high, ranging from 0.05 to 1 and is well captured by the MODIS product, as demonstrated by the high correlation coefficients (Table 3). When considering all the values, including low quality retrievals, the median of the correlation coefficients is 0.84, close to the value of 0.82 reported in Greenland [16].


Figure 4. Time series of daily in situ and MODIS albedo at AWS breid, brumi, hoffef and langef.
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Figure 5. Time series of daily in situ and MODIS albedo at AWS bruef, brune, hoffne, langne, tunmi.
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Table 3. Statistics of the comparison between the MODIS shortwave broadband black-sky albedo and the in situ albedo AWS measurements. N is the sample size (number of matching dates between both datasets), RMSE is the root mean squared error, R is the Pearson’s correlation coefficient, and B is the bias (mean difference). All correlations are significant at 1% level.







	
Name

	
N

	
RMSE

	
R

	
B






	
hoffef

	
203

	
0.08

	
0.74

	
−0.015




	
brune

	
1762

	
0.16

	
0.86

	
0.044




	
brumi

	
786

	
0.21

	
0.62

	
0.092




	
bruef

	
216

	
0.08

	
0.85

	
0.023




	
tunmi

	
1135

	
0.16

	
0.77

	
−0.038




	
tunef

	
694

	
0.09

	
0.90

	
0.030




	
hoffne

	
1211

	
0.15

	
0.47

	
−0.042




	
breid

	
1506

	
0.12

	
0.83

	
−0.067




	
langef

	
1131

	
0.10

	
0.88

	
0.022




	
langne

	
1531

	
0.12

	
0.86

	
−0.008










The low consistency between the AWS and MODIS albedo at AWS hoffne and partly at AWS hoffef is probably partly due to the poor quality of the LI-COR radiometers used at those sites. Excluding AWS hoffne, there are still rather large differences during the summer at the lowest ablation stations breid, brune and langne. Field observations suggest that the differences at AWS brune and AWS breid might be explained with the resolution difference between the MODIS pixel and the AWS footprint (Section 3.3). When the winter accumulation has melted, the surrounding areas of AWS brune are characterized by dark volcanic fringes and at AWS breid by dirt bands and medial moraine for some years (Section 2.2). Apart from these explainable differences during the summer, a generally good agreement is obtained between the AWS and MODIS pixel albedo at breid, brune and langne (Table 3).



The errors are not skewed, i.e., there is no clear tendency in the MODIS data to over or under-estimating the albedo. The mean absolute bias is 0.04 which is remarkably low given that the data span almost the entire possible range of albedo values (0–1). The RMSE by AWS ranges between 0.08 and 0.14 (median 0.12). These RMSE values are larger than that of previous studies (in Greenland RMSE is 0.07 and bias 0.022 [16]), presumably because only the high-quality retrievals were considered, whereas we only discarded values when solar zenith angle was lower than 70°. The exclusion of low quality retrievals leads to lower albedo difference between MODIS and AWS albedo (RMSE range from 0.05 to 0.13, with a median value of 0.09) but also to a strong reduction of the number of data in the study area. High quality retrievals represent only 7% of the data that were used for validation at the AWS, ranging from 0% to 18% of the total number of values depending on the AWS.



In the accumulation area of Vatnajökull at AWSs bruef and tunef, where the spatial variability of the albedo is smaller, there are fewer available observations to evaluate the albedo errors (Section 3.1). However, the data obtained close to the ELA, at AWSs langef and brumi show a good correspondence over the whole study period and at AWS tunmi during most of the years, including the albedo drop following the eruptions in 2010 and 2011 and the albedo recovery in 2012 (Figure 4 and Figure 5). Field observations suggest that the large discrepancy at AWS tunmi in 2001 to 2003 is partly explained by narrow water channels formed below the Kipp and Zonen radiometer before the melting exposes the previous year’s summer surfaces, as well as localized sand and dirt exposed after melting through the winter accumulation (Figure 1).




3.3. Subpixel Variability


Some combinations of Landsat scenes and AWS site (Table 2) returned no-data in the computation of the standard deviation of variability within a MODIS sized pixel because all the pixels within the extraction mask were saturated for at least one of the bands (band 2 or 4) used to compute the broadband albedo (Figure 6). The number of values that were used to compute the standard deviation per AWS site ranged between 3 and 10. The RMSE of the difference between the MODIS and in-situ albedo (Section 3.2) was plotted against the mean of the standard deviations (STD) obtained from the extraction of the Landsat albedo (Figure 7). The results do not show a clear relationship (Spearman correlation is 0.48, p-value is 0.17), but the plot suggests that the RMSE of the difference between the in situ and MODIS data tends to increase when the corresponding Landsat subpixel spatial variability is higher. The lowest STD values are consistently obtained where the surface is less heterogeneous (Section 2.2; Figure 6), i.e., in the accumulation areas (AWSs bruef and tunef) and at the stations hoffef and langef close to the current ELA, where surface slope does not allow water retention and slush.


Figure 6. An example of subpixel variability at each AWS site. Three summer Landsat scenes were used to compute albedo maps at 30 m resolution. A red square polygon corresponding to a MODIS pixel is drawn in each subset. Beside each subset is indicated the upper and lower values of the grayscale used to map the albedo. The beige areas are missing values either due to the Landsat-7 SLC-off issue or saturation (e.g., AWS breid).
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Figure 7. Scatter plot of the RMSE obtained by the comparison of the MODIS albedo with the in situ data (Section 3.1) versus the mean of the standard deviations of the Landsat albedo that were sampled within the extent of a MODIS pixel. The mean STD was obtained by averaging the standard deviations computed for every combination of Landsat and AWS in Table 2. The color of the circles indicates if the AWS are in the accumulation area (red) or in the ablation area (blue). The photograph shows the brumi AWS during field maintenance on 24 Sepember 2001.
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The flat surroundings at AWS tunmi and brumi (close to or at the current ELA) can facilitate narrow water channels or temporary slush below the instruments (Figure 1 and Figure 7), explaining the high RMSE between the MODIS and in situ albedo values at those stations. Such surface drainage network is however too narrow and randomly spread to induce significant subpixel variability at the 30-m Landsat resolution. Hence, we believe that surface heterogeneity at a small scale not resolved by Landsat explains why high albedo RMSE are observed at tunmi and brumi despite the low STD values (Figure 7). On the other hand, the stratified dirt bands at AWS breid, the debris-covered terminus region at AWSs langne and hoffne, and the dark volcanic fringes at AWS brune (Section 2.2) are large enough features to be reflected in the high subpixel variability in the Landsat images (Figure 7).




3.4. Impact of Volcanic Eruptions


The evolution of the mean summer albedo shows that all the Icelandic ice caps except Drangajökull experienced significant albedo drops in the aftermath of the 2010 Eyjafjallajökull and 2011 Grímsvötn eruptions (Figure 8). Excluding Drangajökull, observed albedo decreases range from 0.12 to 0.27 with respect to the 2009 baseline (Table 4). Local reductions reaching 0.6 in absolute albedo value can be observed in the anomaly maps (Figure 8). The largest decrease is found in Eyjafjallajökull after the 2010 eruption (−0.27). In addition, a reduction of the spread after the eruptions is evident in every ice cap except Drangajökull, which means a reduction of the spatial variability in the summer albedo composite (Figure 8). This further indicates a widespread tephra deposition in the ablation and accumulation areas. This effect is also particularly marked in Eyjafjallajökull after the 2010 eruption.


Figure 8. Evolution of the mean summer albedo over the main ice caps (July–August) from 2001 to 2012. Each curve is centered on the mean annual summer albedo, which was computed by spatially averaging the annual summer albedo composites within the corresponding ice cap area (Section 2.1). The spread corresponds to the standard deviation of the same pixel values and therefore indicate the spatial variability of the summer albedo composites. The stars indicate the years of the Eyjafjallajökull and Grímsvötn eruptions.
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Table 4. Mean summer albedo changes for the main ice caps in Iceland after the volcanic eruptions of 2010 and 2011 with respect to 2009.







	
Name

	
2010

	
2011






	
Drangajökull

	
−0.07

	
−0.03




	
Eyjafjallajökull

	
−0.27

	
−0.20




	
Hofsjökull

	
−0.16

	
−0.13




	
Langjökull

	
−0.21

	
−0.12




	
Mýrdalsjökull

	
−0.17

	
−0.17




	
Vatnajökull

	
−0.14

	
−0.19










Drangajökull was not affected by the 2011 eruptions and only marginally by the 2010 eruptions due to its remote location in northern Iceland (Table 4, Figure 9). MODIS data also indicate that the albedo decrease was less marked on the Langjökull ice cap in 2011 (Table 4). This is consistent with the fact that (i) the particles of the Grímsvötn tephra cloud were coarser and therefore heavier and did not get transported as far as the lighter Eyjafjallajökull tephra, and (ii) the dominant wind during the Grímsvötn eruption was blowing from the north (with a short period of SSW wind), leading to higher tephra deposition south of the eruption site [11]. Hence, only small amounts of tephra were brought westwards to Langjökull. Deposited tephras were however redistributed during stormy dry periods in the summer of 2011 and reached Langjökull. In contrast, the albedo drop in Vatnajökull was larger in 2011 than in 2010 (Table 4), in particular in the central part of the ice cap (Figure 9). Indeed, the plume, which formed on the first day of the eruption, covered most of Vatnajökull. Tephra subsequently precipitated from the plume onto the ice cap.


Figure 9. Albedo of the main ice caps before and after the Eyjafjallajökull and Grímsvötn eruptions, and associated albedo changes. (a) Mean summer albedo in 2009 before the eruptions; (b) Mean albedo in summer 2010 after the Eyjafjallajökull eruption; (c) Albedo changes expressed as the difference between (b) and (a); (d) Mean albedo in summer 2011 after the Grímsvötn eruption; (e) Albedo changes expressed as the difference between (d) and (a). The volcanoes erupted in May 2010 and 2011 and are marked with red triangles in the panels (b) and (d). Here we excluded Drangajökull, which was not significantly affected by the eruptions (Table 4, Figure 9).
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The albedo drop is larger in the accumulation areas where the “normal” summer albedo is typically higher than in the ablation areas due to the presence of snow or firn (Figure 9). In the ablation areas the albedo is already usually low due to the emergence of bare ice and the presence of light-absorbing impurities in the ice including old ash particles from past eruptions and mineral dust blown from the areas around the glaciers [35].



In 2012 the summer albedo returned to the pre-eruption value in Hofsjökull and Langjökull but not in the other ice caps. The persistence of a low albedo might be caused by the airborne redistribution of the volcanic dust in 2012 as already shown in the case of Vatnajökull [35]. If so, wind transported dust may not have reached Hofsjökull and Langjökull, which are the farthest from the dust sources.





4. Conclusions


The large variability in the albedo of Icelandic ice caps is successfully captured with the low resolution MODIS albedo product MCD43A3, in spite of frequent cloud obstructions. We found a good agreement with in situ albedo data, even by including the retrievals flagged as low quality. A limitation of this comparison is the scale mismatch between a MODIS pixel and the AWS footprint. Field knowledge and Landsat data indeed suggest that there is a link between the variability of the albedo within a MODIS pixel and the discrepancy between AWS and MODIS data, however we did not identify a strong relationship. Higher resolution imagery might help resolve small scale variability around the station that is not resolved in Landsat 30-m data but that is known from the experience of the field visits. The AWS albedo measurements may also be affected by measurement biases due to the natural instability of the substratum on which the AWSs are placed, e.g., tilted surface slope below the downward pyranometer [36] or inaccurate horizontal leveling of the sensor.



The analysis of the MODIS albedo allowed us to characterize the large variability of the albedo in Icelandic glaciers over 2001–2012. For example the summer albedo decreased by up to 0.6 over large portions of the Icelandic ice caps after the two latest major eruptions (2010 and 2011) according to the MODIS product. Given the frequent occurrences of explosive eruptions in Iceland [37], it is recommended to consider the changed radiative forcing due to ash deposition (among other processes, like the insulating effect of the thickest tephra layers) to decipher the influence of climate change on glacier evolution in Iceland. Based on these encouraging results, our ongoing work will focus on the implementation of the MODIS albedo product within the HIRHAM5 regional climate model [38] to improve the computation of the surface energy and mass balance over the ice caps during the last decades.







Acknowledgments


We greatly thank Crystal Schaaf and Qingsong Sun from University of Massachusetts Boston for providing us MCD43A V006 data before the official release. Data from in situ mass balance surveys and on glacier automatic weather stations come from joint projects of the National Power Company and the Glaciology group of the Institute of Earth Science, University of Iceland. The staff members at the Institute of Earth Sciences, University of Iceland were funded by the the Icelandic Research Fund (project SAMAR 140920-053) and the National Power Company of Iceland. Simon Gascoin and Etienne Berthier are supported by the CNES through the TOSCA program. We thank the three anonymous reviewers and the editor of this special issue Frank Paul for their constructive comments during the peer-review process.




Author Contributions


E.B., Si.G. and Sv.G. designed the study; Si.G. processed the remote sensing data; Sv.G. processed the AWS data; Si.G, Sv.G, G.A, F.P. and L.P. analyzed the results; Sv.G., F.P. and H.B. installed and maintained the AWS; Si.G. and Sv.G. wrote the paper with inputs from all the co-authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Gardner, A.S.; Sharp, M.J. A review of snow and ice albedo and the development of a new physically based broadband albedo parameterization. J. Geophys. Res. 2010, 115. [Google Scholar] [CrossRef]

	2. 
Dumont, M.; Gardelle, J.; Sirguey, P.; Guillot, A.; Six, D.; Rabatel, A.; Arnaud, Y. Linking glacier annual mass balance and glacier albedo retrieved from MODIS data. Cryosphere 2012, 6, 1527–1539. [Google Scholar] [CrossRef]

	3. 
Tedesco, M.; Fettweis, X.; van den Broeke, M.R.; van de Wal, R.S.W.; Smeets, C.J.P.P.; van de Berg, W.J.; Serreze, M.C.; Box, J.E. The role of albedo and accumulation in the 2010 melting record in Greenland. Environ. Res. Lett. 2011, 6, 014005. [Google Scholar] [CrossRef]

	4. 
Van Angelen, J.H.; Lenaerts, J.T.M.; Lhermitte, S.; Fettweis, X.; Kuipers Munneke, P.; van den Broeke, M.R.; van Meijgaard, E.; Smeets, C.J.P.P. Sensitivity of Greenland Ice Sheet surface mass balance to surface albedo parameterization: A study with a regional climate model. Cryosphere 2012, 6, 1175–1186. [Google Scholar] [CrossRef]

	5. 
Dumont, M.; Brun, E.; Picard, G.; Michou, M.; Libois, Q.; Petit, J.-R.; Geyer, M.; Morin, S.; Josse, B. Contribution of light-absorbing impurities in snow to Greenland’s darkening since 2009. Nat. Geosci. 2014, 7, 509–512. [Google Scholar] [CrossRef]

	6. 
Goelles, T.; Bøggild, C.E.; Greve, R. Ice sheet mass loss caused by dust and black carbon accumulation. Cryosphere 2015, 9, 1845–1856. [Google Scholar] [CrossRef]

	7. 
Björnsson, H.; Pálsson, F.; Gudmundsson, S.; Magnússon, E.; Adalgeirsdóttir, G.; Jóhannesson, T.; Berthier, E.; Sigurdsson, O.; Thorsteinsson, T. Contribution of Icelandic ice caps to sea level rise: Trends and variability since the Little Ice Age. Geophys. Res. Lett. 2013, 40, 1–5. [Google Scholar] [CrossRef]

	8. 
Möller, R.; Möller, M.; Björnsson, H.; Guðmundsson, S.; Pálsson, F.; Oddsson, B.; Kukla, P.A.; Schneider, C. MODIS-derived albedo changes of Vatnajökull (Iceland) due to tephra deposition from the 2004 Grímsvötn eruption. Int. J. Appl. Earth Obs. Geoinf. 2014, 26, 256–269. [Google Scholar] [CrossRef]

	9. 
Thorarinsson, S. Tefrokronologiska studier på Island. Þjórsárdalur och dess förödelse. Ejnar Munksgaard, Köbenhavn. 217 s. Geogr. Ann. Stockh. 1944, 26, 1–216. [Google Scholar]

	10. 
Gudmundsson, M.T.; Thordarson, T.; Höskuldsson, Á.; Larsen, G.; Björnsson, H.; Prata, F.J.; Oddsson, B.; Magnússon, E.; Högnadóttir, T.; Petersen, G.N.; et al. Ash generation and distribution from the April to May 2010 eruption of Eyjafjallajökull, Iceland. Sci. Rep. 2012, 2, 572. [Google Scholar] [CrossRef] [PubMed]

	11. 
Oddsson, B.; Gudmundsson, M.T.; Larsen, G.; Karlsdóttir, S. Monitoring of the plume from the basaltic phreatomagmatic 2004 Grímsvötn eruption—Application of weather radar and comparison with plume models. Bull. Volcanol. 2012, 74, 1395–1407. [Google Scholar] [CrossRef]

	12. 
Guðmundsson, S.; Pálsson, F.; Aðalgeirsdóttir, G.; Björnsson, H.; Gascoin, S.; Þorsteinsson, Þ.; Haraldsson, H.; Gunnarsson, A. Mass and Energy Balance of Icelandic Ice Caps: Influence of the 2010 and 2011 Subglacial Eruptions; International Glaciological Society: Cambridge, UK, 2015; p. 1750. [Google Scholar]

	13. 
Flemming, J.; Inness, A. Volcanic sulfur dioxide plume forecasts based on UV satellite retrievals for the 2011 Grímsvötn and the 2010 Eyjafjallajökull eruption. J. Geophys. Res. Atmos. 2013, 118, 10172–10189. [Google Scholar] [CrossRef]

	14. 
Schaaf, C.B.; Gao, F.; Strahler, A.H.; Lucht, W.; Li, X.; Tsang, T.; Strugnell, N.C.; Zhang, X.; Jin, Y.; Muller, J.-P.; et al. First operational BRDF, albedo nadir reflectance products from MODIS. Remote Sens. Environ. 2002, 83, 135–148. [Google Scholar] [CrossRef]

	15. 
Schaaf, C.; Wang, Z. MCD43A3 MODIS/Terra+Aqua BRDF/Albedo Daily L3 Global—500 m V006. LP DAAC 2015. [Google Scholar] [CrossRef]

	16. 
Stroeve, J.; Box, J.E.; Wang, Z.; Schaaf, C.; Barrett, A. Re-evaluation of MODIS MCD43 Greenland albedo accuracy and trends. Remote Sens. Environ. 2013, 138, 199–214. [Google Scholar] [CrossRef]

	17. 
Stroeve, J.; Box, J.E.; Gao, F.; Liang, S.; Nolin, A.; Schaaf, C. Accuracy assessment of the MODIS 16-day albedo product for snow: Comparisons with Greenland in situ measurements. Remote Sens. Environ. 2005, 94, 46–60. [Google Scholar] [CrossRef]

	18. 
Trishchenko, A.P.; Leblanc, S.G.; Wang, S.; Li, J.; Ungureanu, C.; Luo, Y.; Khlopenkov, K.V.; Fontana, F. Variations of annual minimum snow and ice extent over Canada and neighboring landmass derived from MODIS 250-m imagery for 2000–2014. Can. J. Remote Sens. 2016, 42, 214–242. [Google Scholar] [CrossRef]

	19. 
Hordon, R.M. Icelandic low. In Encyclopedia of World Climatology; Oliver, J.E., Ed.; Encyclopedia of Earth Sciences Series; Springer: Berlin, Germany, 2005; pp. 428–429. [Google Scholar]

	20. 
MODIS User Guide V006—University of Massachusetts Boston. Available online: https://www.umb.edu/spectralmass/terra_aqua_modis/v006 (accessed on 21 December 2016).

	21. 
Lyapustin, A.; Wang, Y.; Xiong, X.; Meister, G.; Platnick, S.; Levy, R.; Franz, B.; Korkin, S.; Hilker, T.; Tucker, J.; et al. Scientific impact of MODIS C5 calibration degradation and C6+ improvements. Atmos. Meas. Tech. 2014, 7, 4353–4365. [Google Scholar] [CrossRef]

	22. 
Polashenski, C.M.; Dibb, J.E.; Flanner, M.G.; Chen, J.Y.; Courville, Z.R.; Lai, A.M.; Schauer, J.J.; Shafer, M.M.; Bergin, M. Neither dust nor black carbon causing apparent albedo decline in Greenland’s dry snow zone: Implications for MODIS C5 surface reflectance. Geophys. Res. Lett. 2015, 42, 9319–9327. [Google Scholar] [CrossRef]

	23. 
Wolfe, R.; Nishihama, M.; Kuyper, J. MODIS Geolocation Status; NASA MODIS Science Team: Washington, DC, USA, 2012.

	24. 
Frey, R. Collection 6 updates to the MODIS Cloud Mask (MOD35). In Proceedings of the NASA MODIS/VIIRS Science Team Meeting, Washington, DC, USA, 26 January 2010. [Google Scholar]

	25. 
Warmerdam, F. The geospatial data abstraction library. In Open Source Approaches in Spatial Data Handling; Hall, G.B., Leahy, M.G., Eds.; Advances in Geographic Information Science; Springer: Berlin/Heidelberg, Germany, 2008; pp. 87–104. [Google Scholar]

	26. 
Schaaf, C.B.; Wang, Z.; Strahler, A.H. Commentary on Wang and Zender—MODIS snow albedo bias at high solar zenith angles relative to theory and to in situ observations in Greenland. Remote Sens. Environ. 2011, 115, 1296–1300. [Google Scholar] [CrossRef]

	27. 
Björnsson, H.; Gudmundsson, S.; Pálsson, F. Glacier winds on Vatnajökull ice cap, Iceland, and their relation to temperatures of its lowland environs. Ann. Glaciol. 2005, 42, 291–296. [Google Scholar] [CrossRef]

	28. 
Guðmundsson, S.; Björnsson, H.; Pálsson, F.; Haraldsson, H. Energy balance and degree-day models of summer ablation on the Langjökull ice cap, SW Iceland. Jökull 2009, 59, 1–18. [Google Scholar]

	29. 
Van den Broeke, M.; van As, D.; Reijmer, C.; van de Wal, R. Assessing and improving the quality of unattended radiation observations in Antarctica. J. Atmos. Ocean. Technol. 2004, 21, 1417–1431. [Google Scholar] [CrossRef]

	30. 
LI-COR Terrestrial Radiation Sensors Instruction Manual. 1986. Available online: https://www.licor.com/documents/8yfdtw1rs27w93vemwp6 (accessed on 24 April 2017).

	31. 
Greuell, W.; Reijmer, C.H.; Oerlemans, J. Narrowband-to-broadband albedo conversion for glacier ice and snow based on aircraft and near-surface measurements. Remote Sens. Environ. 2002, 82, 48–63. [Google Scholar] [CrossRef]

	32. 
EarthExplorer. Available online: https://earthexplorer.usgs.gov/ (accessed on 21 December 2016).

	33. 
Gómez-Landesa, E.; Rango, A.; Bleiweiss, M. An algorithm to address the MODIS bowtie effect. Can. J. Remote Sens. 2004, 30, 644–650. [Google Scholar] [CrossRef]

	34. 
Einarsson, M.A. Climate of Iceland. World Surv. Climatol. 1984, 15, 673–697. [Google Scholar]

	35. 
Dragosics, M.; Groot Zwaaftink, C.D.; Schmidt, L.S.; Guðmundsson, S.; Pálsson, F.; Arnalds, O.; Björnsson, H.; Thorsteinsson, T.; Stohl, A. Impact of dust deposition on the albedo of Vatnajökull ice cap, Iceland. Cryosphere Discuss. 2016. [Google Scholar] [CrossRef]

	36. 
Dumont, M.; Arnaud, L.; Picard, G.; Libois, Q.; Lejeune, Y.; Nabat, P.; Voisin, D.; Morin, S. In situ continuous visible and near-infrared spectroscopy of an alpine snowpack. Cryosphere Discuss. 2016, 2016, 1–32. [Google Scholar] [CrossRef]

	37. 
Larsen, G.; Eiríksson, J. Late quaternary terrestrial tephrochronology of Iceland—Frequency of explosive eruptions, type and volume of tephra deposits. J. Quat. Sci. 2008, 23, 109–120. [Google Scholar] [CrossRef]

	38. 
Christensen, O.B.; Drews, M.; Christensen, J.H.; Dethloff, K.; Ketelsen, K.; Hebestadt, I.; Rinke, A. The HIRHAM Regional Climate Model. Version 5 (beta); Danish Meteorological Institute: Copenhagen, Denmark, 2007. [Google Scholar]

































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  remotesensing-09-00399


  
    		
      remotesensing-09-00399
    


  




  





media/file8.jpg
éﬁﬁﬁgvégg§¥¥%






media/file11.png
— 65.0°N

Ian?n"e'.‘, { albedo
L 64.5°N
| Il 0.03
0.26

—+o5v - Legend

Glacier
Coastline
AWS

MODIS pixel

albedo

L 64.0°N ! 0

64.0°N 1

21.0°W 20.0°W 19.0°W 18.0°W

Landsat's 30-AU9-2009 20.0°W 19.0°W 18.0°W 17.0°W 16.0°W 15.0°W
_ | | | |
" B2t [ —t 65.0°N
albedo 65.0°N -
"| Il 0.66
' 0.72
- 64.5°N
64.5°N -
- 15.0°W

1 64.0°N

64.0°N

——— 1 63.5°N

63.5°N

20.0°W 19.0°W 18.0°'W 17.0°W 16.0°W

Landsat-5 23-07-2006

albedo

Il 0.05
~10.37

albedo

Il 0.38
. 0.61

64.5°N

albedo

Il 0.00
0.33






media/file6.jpg





media/file18.png





media/file1.png





media/file13.png
RMSE (MODIS vs. AWS)

0.22

0.2

=
[
(o]

o
=l
(=]

o
-
FN

-
et
N

0.1

0.08

0.06
0

brumi
Lunmi Jrune .
ohoffne
Jangne creid |
langef 4
tunef
bruefh offef i
0.1 0.2 0.3 04 0.5

. Mean STD Landsat .

0.6

brumi AWS






media/file10.jpg





media/file7.png
1 | I.. T "F‘ r. 1 :'.120' :I' . | I!' |
0.8 - AWS . o8 . "-:‘f 3:% H ) |
' MODIS A = L .
0.6 _.; ::-. :;'. : =
X 4 .3
0.4 | 2 -
Vg |
02 F w y", N -
N -
0 | . 3 Paze So8iq.” . ol
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
brumi
1 d | e 1 . | . | ": | R e | | ‘g | . | ;. | e .:
‘. el $s g - ° ‘: . . : . i . P o &
0.8 | .3: ".: k. ﬁ}_ ‘3‘ a. :' 2. ‘i- :- :.:‘: 3 5 § ::._
. t. ‘&' -? . . ..? i. . - .
‘f- ..... * # Y . [ O: : o‘. . .! : . :‘? .
0.6 - @i § v SR S A A T
v Y F b b e oy ot oL
(Y ] ‘. - o . . .
o4 {1} ‘ S S SRR TR 1:_
0.2 | » ¢ @ S T ¥ %
. i 3‘ # ?
0 ] I I I I ] y 3 ] I ] ]
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
hoffef
1 1 | | | | | | 1 ot | | d |
. ' @ . . .
0.8 |- . : . RO : e
- - -; ~§ ! Ve .i§ ; .;; §
0_6 B ol o ‘ .. ; .g .‘g t t . = : -
“ L 'A ] - » ) ?
0.4 ot \ ' ¥ -
0.2 |- .. 1
O | | | | | | | ] | | , |
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
langef
1 ;. 1 | b | | ."' | | | |
. * ’ . !.. H
0s | By 3 i & & 1.
®. AP 41 .
06 |} S S
‘ . ] .
W . : : :
g : i
02+ * H
O | | | | | | | ) | | | |
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
1 tunef
e .; | . | . .! | i‘; | bl | ® A | ve | . | | |
§ 3 ee p %] . P 3 i . “ i
08 %3 1% &f %- :% P SN ¥ B N ¥ B
%
0.6 . © * % ’ .
: & .
0.4 | : Q -
0.2 - : .
0 | | | | | | | | | | ’ |
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013





media/file12.jpg
RMSE (MODIS vs. AWS)

o g
ot
oy
ot






media/file9.png
bruef

4p) ™ ™ 4p)
~-— ~-— ~— —-—
| I | ) e | I | o | | I | o =)
"..‘;n ..r.... wi 2 "”%*‘“... .. . y “. 2 .# 2 2
W "ﬂﬂooﬁh‘“ 2 o ”u ‘B an .
[ ] ol 0%3 o wte e ol . Qﬂi N al
- - T LRt i Sl ® % - - - — —
o . etey ® o o o o
BN YAt e Q¥ Bews i, Ry Q¥ Q¥ Q¥
. spme s A% o °cn 0 8 _..I....l
. ' an safes o
— oo&% — — —
- - o.oo’ enWe 8%, . - ~— — -
o R O0h TARS o o o
.clwd.au’lolﬂ-ﬂ oo V| % (V| (q\| a\|
{oolooo;‘oﬁo.ﬁ -a .
o o o o
- - ~— ~— ~— - -
o | 2 2 2 2 [ =t
ol SRRV s *
D o) o)) D .
— - O o o o — —
- fkao . % m._ m m ce ™ oe “%
o-ﬁ§‘ . !ol‘
Q0 Q0 00 0 0)
B 7 m ey © . e m m N N m B 7
o‘gz p‘.’ (q\| . ssm o MY . og Al Al s . PR ‘ouo&‘oy Al g Pory o oot&o‘.
. . . aat* ey’
St i O VLUt T o O e oo o —| Sy
N~ ws : N~ N~ I~
_ C RUSHICL goe oo _ c c L - £
— O Ps g8 ” . e O [ O g O = -
<Q m t’o”.olwo . ° - e "y Q - Q c telide o . Q c
.y Ao pzs Y = T, I Y m N ] ﬂ' N - VL~
]
.nﬁ&ﬁ. %r e S R - CIRL oS Ly . gl
© v . O o] ©
_ - w Taded U N 7 | m m _ - m = -
J "y *e. . .
rOQO;“oool ‘ Q| 'ﬁ&?“ﬂ%ﬁlo e o N A (Q\| ®ocwne *r * u A et TN .%"Mt
as . (] . . ‘o“ N e e SPie® o
. CSerdh’ 5% WPy b . e - ¢ PBAADS Ao ¢ -“‘
* Lo hutu.snomu.\.wt&»‘-t o) o) - : o) )
- 4 O peaes o, "o o Voo 4 o o - 4 O - -
- v g & vo even sceovaear | & S suenrs S Yoo
i " e o o TNt
sy e S SO At e = prepib AR
< r SR b o Y < < . <
= 4 O Bk, o7 g3 4 O - - © = 4 O = -
% T ® e s 2w 'g m - . m Sdw . . ...@ % ® o t-.‘a 't(fu
> ; RTY i &9 e o A
hptter-+2 iR b 9 o s i L
™ ‘X o . ok o ™
] m = S, e = m 3 - « nt, ] m — - m B ]
. . . ™
L F S pat 15 2o
. * « g ° P S S 1 2Je
’){ - we® SN c“... . - C“o‘g P o L ‘ .
Al - . Al * Al QY|
18 Fiinesuomangl S T 18 T IR
. . [/
: % ° et ant v . o o0 ¢ esg % o.“ " oo oog.&o. ‘Oﬂ*.o
— “ ~— oo ‘a N — . o‘.?' - L
| | | m | | | | m | | | | m | | | | m | | | |
Q © <. Ny — ©0 © ¥ o ©q — © © ¥ o ©q — © © ¥ o ©Qq - © ©o ¥ o ©
o o o o o o o o o o o o o o o o o o o o

2012 2013

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

2001





media/file14.jpg
08
06
0a
02

08
06
04
02

08
06
04
02

0
2002 2004 2006 2008 2010 2012

0
2002 2004 2006 2008 2010 2012

0
2002 2004 2006 2008 2010 2012

BRamin,_y

08
08
04
02

Myrdalsjskull

o
2002 2004 2006 2008 2010 2012

Langjékull

08
08
04
02

S Y

Eyjafjallajokull

o
2002 2004 2006 2008 2010 2012

Drangajskull

m

08
06
04
02

Now—v=

o
2002 2004 2006 2008 2010 2012






media/file16.jpg
Shortwave black sky albedo

Nodata






media/file5.png
Vestfirdir

33

= 7

Tréllaskagi

days per year (%)
[ | 92-183(25% - 50%)
I 184- 274 (50% - 75%)
B 275 - 350 (75% - 95%)

50 100 km
|






media/file15.png
Hofsjokull Vatnatjokull

0.8

0.8

2002 2004 2006 2008 2010 2012 2002 2004 2006 2008 2010 2012
Myrdalsjokull 08 Langjokull

0.8

— k% 0— - - - *—h—
2002 2004 2006 2008 2010 2012 2002 2004 2006 2008 2010 2012

Eyjafjallajokull Drangajokull

0.8
0.6 |

0.2¢

L ) L L O L L L ) * *
2002 2004 2006 2008 2010 2012 2002 2004 2006 2008 2010 2012





media/file3.png
66°N=
—66°N
65°Ne=
65N
64°N=
—64°N
0
63°N |
\ |
20°W 15°W





media/file17.png
Shortwave black sky albedo

High : 1

Low : 0 Albedo difference

B 06--02
] -02--0.1
| |-0.1-+0.1
|:| No data






media/file4.jpg
Vestioir Trollaskagi

q

s

[ 92- 162505000
104278 50%-75%)

I s -3 75% - o5%)






media/file0.jpg





media/file2.jpg
5]

83N






