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Along with Arctic warming, climate models project a strong increase in Arctic precipitation in the 21st century as well as an increase in the ratio of liquid to total precipitation. In the precipitation-rich region of south-east Greenland, precipitation changes could locally have significant impacts on runoff. However, climate data are sparse in this remote region. This study focuses on improving our understanding of the past precipitation changes on Ammassalik island in south-east Greenland between 1958 and 2021. To assess past changes in air temperature at 2-meter and precipitation, output from a regional polar climate model (RACMO2.3p2) is evaluated with measurements from automatic weather stations in Tasiilaq and on Mittivakkat glacier. In addition, RACMO2.3p2 is used to assess past seasonal changes in air temperature at 2-meter, precipitation amount, precipitation phase and the altitude of the rain/snow boundary. We find that the climate model accurately represents the monthly average observed air temperature at 2-meter. While total precipitation is overestimated, interannual variability of precipitation is properly captured. We report a significant increase of summer temperature at 2-meter of +0.3°C/decade (p<0.01) at Mittivakkat glacier and +0.2°C/decade (p<0.01) in Tasiilaq in 1958–2021. For the subperiod 1990–2019, the trend in annual averages of temperature at 2-meter in Tasiilaq (+0.8°C/decade, p=0.02) corresponds well to known temperature trends on the Greenland Ice Sheet within the same period. On Mittivakkat glacier a significant trend is not detected within this subperiod (+0.2°C/decade, p=0.25). The modelled liquid precipitation ratio on Ammassalik island increased in all summer months (1958–2015) by +2.0/+1.9/+1.8%/decade in June/July/August respectively. In July and August, these trends were stronger at higher elevations. No statistical evidence is found for trends in other seasons. We also identify monthly increases in the altitude of the rain-to-snow boundary (+25/+23/+20 m/decade in July/August/September respectively).
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1 INTRODUCTION
1.1 Scope
The increase in air temperature in the Arctic region occurs nearly four times as fast as the global average over recent decades (Rantanen et al., 2021). An ensemble of climate models (CMIP6) projects continued 21st century Arctic warming more than double that of the global mean (Cai et al., 2021). Along with air temperature, precipitation is projected to increase due to changes in surface evaporation, atmospheric water vapor content and moisture transport that influences precipitation rates (Bintanja and Andry, 2017; McCrystall et al., 2021). The increase in precipitation with surface air temperature is also considerably higher in the Arctic (4.5%/°C) compared to the global average (1.6–1.9%/°C) (Bintanja and Selten, 2014; Bintanja and Andry, 2017). In addition, global climate models project an increase in the ratio of liquid to total precipitation in the Arctic as more precipitation is expected to fall as liquid precipitation with higher air temperatures. In recent decades, increases in temperature and liquid precipitation have been found in Greenland (Hanna et al., 2020; Niwano et al., 2021; Huai et al., 2022). Average air temperatures in Greenland have increased in the period 1991–2019 by 4.4°C in winter, 2.7°C in spring and 1.7°C in summer (Hanna et al., 2020). This increase has partly been attributed to increasing frequency and intensity of Greenlandic atmospheric blocking events since the 1990s (Delhasse et al., 2020; Hanna et al., 2020). On the Greenland Ice Sheet (GrIS), average annual rainfall increased by 25% in the last decade (2010–2019) compared to the 1981–2010 reference period (Niwano et al., 2021).
In this study we make a detailed assessment of past climatic changes on Ammassalik island, located on the south-east coast of Greenland. Assessing precipitation trends in south-east Greenland is particularly relevant because it receives the highest amounts of precipitation compared to other regions in Greenland (Berdahl et al., 2018). Additionally, there are many small glaciers and ice caps (GIC) located on the island. GICs in Greenland are known to be particularly sensitive to the ongoing atmospheric changes (Bjørk et al., 2012; Noël et al., 2017; Khan et al., 2022). Another advantage of Ammassalik island is that it has a unique coverage and quality of a network of automatic weather stations (AWS), compared to other places in Greenland. While these observations provide essential information about the local climate, the challenges of observing precipitation in remote (Arctic) regions should be considered. One difficulty is that maintenance of weather stations is expensive and labor-intensive, which can lead to extended gaps in the observed time series. Additionally, there are several environmental factors that strongly impact the robustness of measurements from precipitation gauges. Wind-induced undercatch is particularly relevant in the Ammassalik island, due to the complex topography and characteristic strong winds present in the region. Wetting and evaporating losses contribute to systematic underestimation (Yang et al., 1999). Since systematic errors regarding solid precipitation are greater than those for liquid precipitation, precipitation measurements are more accurate in the summer season. In this study we combine a regional climate model with AWS observations. The model data helps to bridge the gap of sparse observational data. We cross-check these two data sources and use them to provide a more complete perspective on climate (and in particular, precipitation) trends at Ammassalik island.
1.2 Geographical description of the study region
Ammassalik island (65.73 °N, 37.62 ′W) is located on the south-east coast of Greenland, just south of the Arctic circle and covers approximately 772 km2 (Figure 1). Tasiilaq is the largest settlement (1913 inhabitants (per 1 January 2022) (StatBank Greenland, 2022) and is located on the south side of the island. The west coast of Ammassalik island borders the Sermilik fjord (10–15 km wide, 85 km long), which separates the island from the mainland and connects the GrIS with the Irminger Sea (S. H. Mernild, Malmros, et al., 2012). The distance between the GrIS and the Ammassalik region is about 40 km. In the east, the Ammassalik islands borders the Denmark Strait, which separates Greenland and Iceland. This area is of climatological importance, since it is the thermodynamic transition zone between the North Atlantic Ocean and the Arctic Ocean (Mernild S. et al., 2012). The Ammassalik region is characterized by strong alpine relief in the eastern part of the island (Mernild et al., 2006), where altitudes can reach approximately 1,000 m a.s.l. Mittivakkat glacier is the largest and the most studied glacier across the island. In a study of climate conditions in the Mittivakkat glacier catchment, temperature at 2-meter (T2m), wind speed, relative humidity and summer precipitation were shown to be increasing, whereas winter precipitation and total annual precipitation have decreased slightly over the period 1989–2006 (Mernild et al., 2008). T2m was -0.9°C (1900–2008) and mean annual corrected precipitation at the AWS in Tasiilaq was approximately 1,200 mm water equivalent/year (w.e./year) (corrected after (Allerup et al., 1998; 2000)) (Mernild S. et al., 2012). The relative occurrence of solid, mixed and liquid precipitation has been estimated based on air temperatures (Hanssen-bauer, 2003), and was found to be 68%, 14% and 18% respectively in the period 1999–2006 (Mernild et al., 2008). Glacier thinning and glacier recession has been observed in the broader region of south-east Greenland (Bjørk et al., 2012; Mernild S. H. et al., 2012). The mass change from Mittivakkat glacier was -1.0 +/- 0.7 m w.e./year in the period 1996–2012 (Mernild S. H. et al., 2012; Yde et al., 2014). Within this time period, 14 out of the 16 years had a negative surface mass balance, with record mass losses in 2009/2010 and 2010/2011 (∼2.2 and ∼2.5 m w.e./year respectively) (Mernild S. H. et al., 2012). A more recent mass balance record based on measurements at the AWS gives an accelerated average mass balance rate of -2.1 m ice eq./year (2009–2019) (Fausto et al., 2020).
[image: Figure 1]FIGURE 1 | (A) The spatial resolution of both RACMO2 products is indicated with black (RACMO2-5.5km) and grey (RACMO2-1.0 km) dots. RACMO2-1.0 km model topography and Icemask as well as the location of AWS at Tasiilaq (DMI-TAS) and Mittivakkat (GEUS-MIT) are shown. (B) The location of the study area in Greenland. (C) Median of Sentinel 2 RGB imagery from July 2022 with highlighted locations of AWS GEUS-MIT, AWS DMI-TAS and the Sermilik Fjord.
1.3 Research objectives
Given the limited detailed knowledge of past precipitation changes in coastal regions in Greenland, the objectives of this study are to 1) establish a quality-controlled database of precipitation and temperature data from Ammassalik island from a combined use of observational and model data, 2) conduct a time series analysis of these data, 3) with particular focus on spatiotemporal patterns of the ratio of liquid to total precipitation and the 4) altitude of the rain-to-snow boundary.
2 DATA
An overview of data used in this study is given in Table 1.
TABLE 1 | Overview of data used in this study.
[image: Table 1]2.1 RACMOv2.3
The Regional Atmospheric Climate Model (RACMO2) was developed by the Royal Netherlands Meteorological Institute (KNMI) (van Meijgaard et al., 2008). In this study, we use the polar version of this model, RACMO2.3p2, (hereafter RACMO2) that was developed by the Institute for Marine and Atmospheric research (IMAU), Utrecht University, in order to better simulate the evolution of surface mass balance over the ice sheets of Greenland, Antarctica and other glaciated regions (Noël et al., 2018). In this study, we use RACMO2 at 5.5 km resolution (RACMO2-5.5 km) (hereafter RACMO2-5.5 km) and the statistically downscaled product at 1 km (RACMO2-1 km) (hereafter RACMO2-1.0 km) (Noël et al., 2019). The forcing was done on a three-hourly basis by ERA-40 (1958–1978), ERA-Interim (1979–1989) and ERA-5 (1990–2021). The topography in RACMO2-5.5 km and RACMO2-1.0 km are from the GIMP DEM at 90 m downsampled to 5.5 km and 1.0 km (Howat et al., 2014).
RACMO2-1 km is well suited to resolve the steep surface mass balance (SMB) gradients in the topographically complex regions in which GICs are often situated (Noël et al., 2019), including Ammassalik island. This product extends to the GrIS and the GICs located outside of the ice sheet margin. The cloud physics scheme which determines partitioning of precipitation is described in (Wessem et al., 2014).
2.2 Weather station Tasiilaq (DMI-TAS)
The Danish Meteorological Institute (DMI) operates several AWS in the coastal regions of Greenland. In this study we use several time series of variables observed at the AWS in Tasiilaq (TAS), located at 37.64 °W and 65.61°N (54 m a.s.l.) (Cappelen et al., 2021). A daily time series of T2m (1958–2020) (DMI-TAS-daily T2m) has been created from the available min. and max. T2m according to the formula:
[image: image]
In addition, we use the monthly time series of T2m (1958–2020) (DMI-TAS-monthly T2m). For precipitation, we use a daily time series of accumulated precipitation (1958–2020) (DMI-TAS daily precip). Several gaps (mainly in 1980 and 2013–2014) exist in the precipitation observations at TAS (Cappelen et al., 2021). Minor inhomogeneities could also still exist in this dataset due to a small change in station location on 15 August 2015 as well as the installation of a Pluvio automatic raingauge at this date (Cappelen et al., 2021).
A monthly time series is also available (1958–2020) (DMI-TAS monthly precip). Metadata on the time series as well as further information about the sensors installed at the AWS are available in the historical data collection report from DMI (Cappelen et al., 2021).
2.3 AWS Mittivakkat (GEUS-MIT)
The programme for Monitoring the Greenland Ice Sheet (PROMICE) (Fausto and Van As, 2021) has been measuring climate data since 2007 at several locations on the GrIS as well as on GIC on the ice sheet margins. The AWS at Mittivakkat (MIT) is located at 65.69°N and 37.83°W at an elevation of 440 m a.s.l. (Fausto et al., 2020). The station has been installed on 3 May 2009. From this dataset we use daily time series of air temperature (2009–2020) (GEUS-MIT daily T2m). The temperature sensor is located at a height of approximately 2.6 meter above the surface, although the actual height varies with the snow height.
A table with information about all temperature sensors and precipitation gauges used in DMI-TAS and GEUS-MIT, as well as accuracy values, is given in the Supplementary Table S1.
3 METHODS
3.1 Data preparation
From both RACMO2 datasets, a time series of data for Ammassalik island has been selected based on the minimum and maximum longitude and latitude of the entire island. Atmospheric variables from DMI-TAS and GEUS-MIT were extracted from RACMO2-5.5 km and RACMO2-1.0 km respectively using the nearest grid point. The corresponding model elevation is 68 and 443 m a.s.l. for TAS and MIT respectively. Quality control of the observed data has been done by DMI and GEUS for their respective datasets. RACMO2-1.0 km solid precipitation has been restricted to 1958–2015 due to a data gap in the model output thereafter. Daily solid precipitation from this model output consists almost solely of values <1 mm in the 2015–2021 period in our study region.
3.2 Trend analysis of temperature and precipitation variables
Subsets of the different model time series have been created for all meteorological seasons (DJF, MAM, JJA, SON) as well as for every month. Yearly and seasonal averages of T2m and accumulated precipitation were created from the daily dataset. Long term trends in yearly T2m and precipitation data have then been statistically assessed using the non-parametric Mann-Kendall statistical trend (M-K test) (Mann, 1945; Kendall, 1975; Mahmud, 2019). We use a critical value to detect significant trends with a 0.05 significance level. The slope corresponds to the Theil-Sen estimator and is reported as direction and magnitude of the change per decade.
3.3 Trend analysis of the altitude of the rain-to-snow boundary
We use the term rain-to-snow boundary (RSB) to identify the altitude where the shift from liquid precipitation to solid precipitation takes place. We assess monthly changes in the RSB in this region. Our analysis is conducted with the dataset covering the Ammassalik island domain in the model (see data preparation). For each day within each timeseries, regions with daily liquid and/or solid precipitation of more than 1 mm w.e. were selected. The RSB is then defined as follows:
• On days with only liquid precipitation, the RSB is defined as the highest altitude within the selected model domain where liquid precipitation occurs.
• On days with only solid precipitation, the RSB is defined as the lowest altitude within the selected model domain where solid precipitation occurs.
• On days with solid and liquid precipitation, the RSB is defined as the average of the highest elevation where liquid precipitation and the lowest elevation where solid precipitation occurs.
Days with both solid and liquid precipitation <1 mm in all grid cells are considered precipitation-free and thus do not get considered in the analysis of the RSB. For each month, an average of daily values of the estimated RSB was calculated. The M-K test was performed on yearly time series for each month of the year. At the same time, annual trends were also calculated for the number of days with precipitation above the 1 mm threshold within each month.
3.4 Evaluation of RACMO2 with observations
To support our use of RACMO2, we evaluate its performance for temperature and precipitation at different time steps at the two locations with AWS. From the observed and modelled data, monthly and annual means/totals were calculated for those months with full data coverage on the daily time scale for both data types. Root mean square error (RMSE) and Pearson correlation coefficient (R) were calculated for T2m at MIT, T2m at TAS and total precipitation at TAS.
3.5 Trend analysis of precipitation phase
Precipitation phase trends based on the ratio of modelled liquid to total precipitation were analyzed for the individual summer months and over different altitude ranges in 200 m bins. The covered area within a certain altitude range decreases with increasing altitude. As with the other trend analyses, the M-K test was used in order to assess the presence of statistically significant trends in the time series. Sen’s slope values of the M-K test at different altitude bins are for months with detected statistical trends.
4 RESULTS
4.1 Evaluation of RACMO2 with observations
In Figure 2 we show that modelled and measured T2m at MIT have Pearson correlation coefficients of 0.95, 0.99 and 0.95 on the daily (Figure 2A), monthly (Figure 2D) and annual (Figure 2G) time scale respectively. These values are slightly lower on at TAS (0.84, 0.91. 0.41) on the daily (Figure 2B), monthly (Figure 2E) and annual (Figure 2H) time scale respectively. The low correlation value for T2m at TAS at the annual time scale is mainly due to larger than average absolute differences in the period 1979–1989 (see section 4.2.1). A relatively low correlation (R = 0.38) exists for daily precipitation values at TAS (Figure 2C), whereas this value is higher for the monthly (0.80) (Figure 2F) and annual scale (0.71) (Figure 2I). We highlight the high RMSE (1,016 mm w.e.) for annual precipitation at TAS. On average, the difference between modelled and observed annual precipitation does not get stronger or weaker depending on the precipitation amount. On the contrary, we do see a larger difference between relatively higher observed and modelled precipitation totals on the monthly time scale.
[image: Figure 2]FIGURE 2 | Evaluation of RACMO2 variables T2m and precipitation at daily (A, B, C), monthly (D, E, F), and annual (G, H, I) time scales. 23 values are not shown in (C) due to the choice of x and y limits. Dashed line represents a 1:1 relationship between model and observations. A linear fit is plotted with a dark green line and the equation is highlighted in the bottom right corner of each subplot. Number of observations (n), Root Mean Square Error (RMSE) and the Pearson correlation coefficient (R) are highlighted in the bottom right of each subpanel.
4.2 Climate trends on Ammassalik island
4.2.1 Temperature trends
Figure 3 illustrates trends in annual average T2m for two locations on Ammassalik island, based on a combination of climate model data and observations. The interannual variability of annual averages of T2m of RACMO2 aligns well with observations. This is true for both locations, however the validation period for MIT is limited (13 years). Based on visual inspection, we identify larger than average discrepancies between observed and modelled annual T2m averages during the period 1979–1989 (Figure 3A). Modelled values of annual average T2m at TAS show no trend during 1958–2021, however a strong trend (0.8°C/decade, p<0.01) is detected for the 1990–2019 period. T2m on Mittivakkat glacier is increasing with 0.2°C/decade (p<0.01) in 1990–2021 (Figure 3C), while no trend for the 1990–2019 period is detected (non-significant trend, +0.2°C/decade, p=0.25). At both locations, the only statistically significant seasonal T2m trends occur in summer (+0.2 and +0.3°C/decade at TAS and MIT respectively) (Figures 3B,D). The key temperature trends that result from this analysis are clear increases in T2m at MIT over the whole time period, a strong increase in T2m at TAS during 1990–2019 as well as increases during summer, but not in other seasons.
[image: Figure 3]FIGURE 3 | Annual average T2m trends for two locations on Ammassalik island. Modelled (RACMO2-5.5 km for TAS and RACMO2-1.0 km for MIT) T2m values are indicated with black dots. Observed (DMI-TAS) and (GEUS-MIT) T2m values are indicated with red triangles. Subpanels depict annual average T2m at TAS (A), summer annual averages at TAS (B), annual average T2m at MIT (C) and summer annual averages at MIT (D). Linear trends for the 1958-2021 period are calculated with the Sen’s slope and shown as dotted lines.
4.2.2 Precipitation trends
For precipitation trends we rely on the regional climate model, as the observations do not distinguish between solid or liquid precipitation. The correlation between monthly observed and modelled precipitation is R = 0.80 (Figure 2F). For annual totals however, the modelled values are approximately double that of the observed values (RMSE = 1,016 mm over 1958–2019). The reason for this mismatch is unclear, as limitations to both the measurements as well as the model output exist. Despite the difference absolute values, the interannual variability of total precipitation is captured well by the model. Modelled values of yearly total precipitation, liquid precipitation, solid precipitation at TAS show no significant trend over the period 1958–2019 (Figure 4A). While we do not detect any trends over the 1958–2015 period, solid precipitation at MIT has decreased over the period 1990–2015 (-131 mm w.e./decade, p=0.03). Modelled summer precipitation over the period 1958–2015 has decreased at TAS (-7.4 mm w.e./decade, p<0.01) and at MIT -6.5 mm w.e./decade, p=0.02).
[image: Figure 4]FIGURE 4 | Annual liquid (height of the blue bars), solid (height of the grey bars) and total (top of the stacked bars) for two locations on Ammassalik island, TAS (A) and MIT (B). Data from RACMO2 and DMI-TAS. Trends are shown with solid black (for total precipitation), grey with black edges (solid) and blue with black edges (liquid precipitation).
4.2.3 Precipitation phase trends
In Figure 5 the temporal evolution of the precipitation phase on Ammassalik island is shown for the summer months. Each summer month shows an increasing trend (1958–2015) in the liquid precipitation ratio and this trend is higher in early summer: 2.02%/decade, p<0.01 (June) (Figure 5A), 1.90%/decade p<0.01 (July) (Figure 5B), and 1.80%/decade, p<0.01 (August) (Figure 5C). This is also valid for all altitude bands. In June, this increase is only statistically significant in the 600–800 m a.s.l. range (2.7%/decade, p=0.03). In both July and August, statistically significant increases occur at all altitude range. When looking at the separate seasonal time series of location TAS and MIT, we identify the following statistically significant trends in precipitation phase: increases of +2.57%/decade, p=0.00 (summer) and +1.75%/decade, p=0.03 (autumn) at TAS and +2.19%/decade, p=0.03 (autumn) at MIT. The rainfall ratio at MIT (rainfall to total precipitation) is increasing in all summer months with the strongest trend in June (4.4%/decade, 2.4%/decade, 2.4%/decade in June, July, August, respectively). No significant trends occur in the yearly averages of precipitation phase. The relative increase of liquid precipitation in late summer is larger in higher altitudes, as we notice a clear increase in the magnitude of the slope values for increasing altitude bins in July and August (Figures 5B,C).
[image: Figure 5]FIGURE 5 | RACMO2-1.0 km trends in liquid precipitation ratio at different elevation bands for June (A), July (B) and August (C). Sen’s slope values at different elevation bands are highlighted in the scatterplots.
4.3 Trend analysis of the rain/snow boundary altitude
Figure 6 shows monthly averages of the modelled rain/snow boundary altitude (RSB), based on RACMO2-1.0 km (GIC). July, August and September all show significant increases in the modelled RSB, while the other months of the year show non-significant trends. The slope values are +24.5 m/decade (July) (Figure 6A), +23.3 m/decade (August) (Figure 6B) and +20.0 m/decade (September) (Figure 6C).
[image: Figure 6]FIGURE 6 | Estimated RSB from RACMO2-1.0 km model data for GIC on Ammassalik island. The monthly averages for July (A), August (C) and September (E) are plotted as black dots and standard deviation is plotted as the vertical black bar. The number of days with precipitation above the threshold of > 1 mm (brown) and > 5 mm (blue) are highlighted for June (B), July (D) and August (F). For both the RSB and days with precipitation linear trends are indicated with a dashed line.
5 DISCUSSION
While RACMO2 monthly and daily T2m values correspond well to observations, larger discrepancies appear on the annual time scale. RACMO2 is a useful product for climate analysis in this study region, given its high spatial resolution. It is important not to overinterpret the low Pearson correlation coefficient for the daily precipitation in TAS, as the accurate representation of precipitation on the daily time scale is not the model objective, neither is it crucial for our analysis. The higher Pearson correlation coefficients on the monthly and annual time scale show that the general variability in precipitation is captured well. The earlier highlighted model overestimation of T2m in the period 1979–1989 cannot be attributed to specific data issues. While a minor relocation of the weather station has taken place in 1982, this cannot explain the overestimation as the larger differences between model and observations disappear at the end of the 1979–1989 period. Due to the large uncertainties (mainly related to undercatch) in the precipitation observations as well as in the model output (relatively high spatial resolution of 5.5 km), it is challenging to assess which dataset more accurately represents the precipitation in the area. However, the robustness of the analysis can be improved by including other high-resolution datasets (e.g., CARRA) (Schyberg et al., 2021). We suggest the use discharge observations as a third independent validation possibility specifically for the precipitation variable.
We found several key climate trends on Ammassalik island in the period 1958–2020. We identified that trends in T2m and precipitation have become more pronounced in the 30-year subperiod 1990–2019, when compared to 1960–1989. The temperature trend in Tasiilaq from 1990 to 2019 (+0.8°C/decade, p=0.02) is similar in magnitude to reported trends for the GrIS over the same period (Hanna et al., 2021), while the temperature increase over MIT during this period is significantly weaker (non-significant, +0.2°C/decade, p=0.25). Several studies have previously highlighted the beginning of the 1990s as a period with accelerated mass loss for the GrIS (Mouginot et al., 2019; Hanna et al., 2021) which has also been objectively determined by a break-point analysis (Silva et al., 2022). While we did not perform any break point analysis here, we see a strong difference between the subperiod 1960–1989 and 1990–2019 (particularly for T2m). A good example of this acceleration is visible in the DMI-TAS T2m time series (non-significant trend -0.17°C/decade, p = 0.45) for 1960–1989 compared to a significant trend +0.72°C/decade, p<0.01 in 1990–2019. This acceleration is not found in the precipitation time series. In order to quantify potential influences of sea surface temperatures, we correlated annual values of T2m with the Atlantic Multidecadal Ocean Index, which gives +0.21 for both locations. Furthermore, given the known influences of sea ice conditions in coastal fjord systems on local climate (Koenigk et al., 2016), we hypothesize that seasonal temperature changes in our study area could be influenced by sea ice coverage in the nearby Sermilik Fjord.
Our results show a systemic underestimation of summer T2m in Tasiilaq. Apart from the general simplified representation of the complex topography of the study area, a contributing factor to this underestimation could be the elevation difference between the selected model grid (68 m a.s.l.) and the weather station (54 m a.s.l.). Summer temperature increases in Greenland can be seen as a consequence of increasing atmospheric blocking (Hanna et al., 2021). We highlight that the temperature and precipitation trends in our study area are most pronounced in summer. Greenland GIC are particularly sensitive to temperature increases in summer as these generally leads to increased melt and runoff. The increase in liquid precipitation in summer corresponds well with the fact that we detect a temperature increase in this season in TAS as well as MIT. The liquid precipitation ratio in the summer season is sensitive to changes, as its value is characteristically very high during this time of the year. Since most precipitation changes that we identify occur in the summer season, this factor must be considered. The shift in RSB (Figure 6) is less influenced by this factor, as changes in the altitude of precipitation within the study area are also considered.
Some differences appear from a comparison of trends at the two locations within our study region (Figures 3, 4). A key contributing factor to this contrast is the differences in microclimate between TAS and MIT. MIT is characterized by its glaciated surface. In addition, the local topography is more mountainous, and it has greater proximity to Sermilik Fjord. The sea-breeze and katabatic winds are more pronounced at this location. An example of a different climate trend for the two locations is that we identify a stronger T2m increase at MIT compared to TAS. In general, trends in T2m and precipitation are more pronounced at MIT, which is in line with the general observation that mountain regions warm more significantly in higher elevations (Pepin et al., 2015). There is also growing evidence for the elevation dependency of precipitation changes (Kotlarski et al., 2015; Yao et al., 2016; Hu et al., 2021). In our study region there are no trends in absolute precipitation in TAS, while we have highlighted a decreasing trend in solid precipitation at MIT. The absence of a trend in annual precipitation (total, solid and liquid) at TAS is particularly interesting, given the existing trends in liquid precipitation (1958–2020) for the GrIS as well as the GIC and tundra regions in Greenland (Huai et al., 2022). In an earlier study, several significant short-term trends have been detected for observed annual precipitation at TAS (-54 mm w.e./year in 2001–2012, -17 mm w.e./year in 1991–2012 and 1971–2000, +23 mm w.e./year in 1951–1980) (Mernild et al., 2015). In parts, those trends refer to rather short timespans, which may limit interpretability considering the relatively high natural variability of precipitation. The fact that we detect changes between TAS and MIT for precipitation as well as T2m can be explained by considering the influence of air temperature on the partitioning of precipitation.
The frequent occurrence of temperature inversions over the snow/ice covered areas in the study area could potentially alter the relationship between elevation and climate trends. Radiosonde observations TAS have shown that inversions regularly (in about 84% of the observations) occur until an altitude of approximately 300 m a.s.l. (Mernild and Liston, 2010). Recent studies show a general increase in inversion frequency (3%/decade) and thickness (12 m/decade) for surface based inversion in the southern part of Greenland, particularly in the summer season (Shahi et al., 2020).
5.1 Comparison of detected trends with other Arctic regions
5.1.1 Temperature
In general, the detected signal of increasing air temperature is also occurring widespread in other Arctic regions (Huang et al., 2017). The strongest increase in surface air temperature over land has been detected in Siberia (Hantemirov et al., 2022) and in the eastern part of the Canadian Arctic (Rapaić et al., 2015). The stronger trend in temperature time series from 1990 onwards, compared to earlier decades, was also detected in Svalbard (+0.32°C/decade from 1898 to 2018, +1.7°C/decade in 1991–2018) (Nordli et al., 2020). In Greenland, regional temperature trends are strongly dependent on the season. In general, the more northern regions show stronger temperature trends in recent decades. In autumn, there is a clear difference between stronger trends temperature trends on the East coast (Hanna et al., 2021). The seasonal temperature trends detected in this study are weaker compared to temperature trends in Sisimiut, located on the west coast at a comparable latitude (Hanna et al., 2021).
5.1.2 Precipitation
For the whole Arctic region, total annual precipitation has increased by 1.5%–2.0% per decade in the period 1979–2017 with the strongest trend in the cold season (October-May) (Box et al., 2019). There is significant spatial variability in changes in precipitation phase throughout the Arctic. The decrease in solid precipitation and increase in liquid precipitation (that we found to have taken place in the summer season in our study area) has been observed around the GrIS margins (Doyle et al., 2015) and in Scandinavia and the Baltic Sea (Rasmus et al., 2015; Irannezhad et al., 2016). On the contrary, colder Arctic regions such as north Canada and Siberia show increasing snowfall (Krasting et al., 2013; Vincent et al., 2015). Precipitation has been found to increase in the Canadian Arctic. However, there is considerable spatial seasonal and temporal variability in this trend (Rapaić et al., 2015). In other regions within Greenland, increasing precipitation trends have been detected. Liquid precipitation over GIC in Greenland has increased by 2–3 mm w.e./decade in the period 1990–2010 (Huai et al., 2021). This trend is even stronger over the GrIS (12 mm w.e./decade) (Huai et al., 2021).
5.3 Potential implications
The average altitude of the RSB during precipitation events is 652 m a.s.l. in summer. Given the fact that this altitude is increasing (1958–2016), the precipitation phase is shifting towards more liquid precipitation at this altitude and further increases in temperature and hence the liquid precipitation ratio are projected, a likely conclusion is that Mittivakkat glacier (as well as other GIC on Ammassalik island) will receive significantly more liquid precipitation in the future. The largest glacier-covered areas on Ammassalik island are located between 400–800 m a.s.l. The average RSB has remained inside this elevation range. If the same trend continues in the future, the average RSB will increase towards higher elevations with smaller GIC cover, which increases the likeliness of liquid precipitation on the glaciers on Ammassalik island. While the specific effect of increased liquid precipitation at marginal glaciers is not well known, it could potentially be an important factor for accelerated melt. Liquid precipitation events related to cyclonic weather conditions lead to amplified runoff on the GrIS, as the drainage system of the ice sheet can less efficiently drain the meltwater during this time (Doyle et al., 2015). Given the identified summer and autumn trends in precipitation in our study region, we hypothesize that the same mechanism could potentially contribute to enhanced runoff on GIC on Ammassalik island.
6 CONCLUSION
The combination of several types of climate data (model and observations) is a useful approach for studying local changes in temperature and precipitation in remote regions where climate data is sparsely available. This approach has here contributed to an increased understanding of precipitation and temperature changes on Ammassalik island. In general, and specifically for the daily and monthly time scales, RACMO2 performs well when compared to observations from the AWS. Larger differences and lower Pearson correlation coefficients exist when comparing annual totals of precipitation and annual averages of T2m. We find that RACMO2 is a useful addition to the observational data in this region, because of its high spatial resolution, temporal consistency, and the fact that it has been extensively evaluated over glaciated surfaces.
T2m has been increasing on Ammassalik island since 1958, a trend that becomes more pronounced in the 1990–2019 subperiod. This temperature trend is stronger at MIT than at TAS, where no significant trend is detected in 1960–1989. Temperature changes are strongest in the summer season. Due to trends in precipitation as well as air temperature, the liquid to total precipitation ratio on Ammassalik island is increasing in summer. Higher elevated regions on Ammassalik island have recently received more liquid precipitation due to this increased liquid precipitation ratio combined with an upward migration of the RSB altitude. These changes occur within an elevation range where many of the island’s glaciers are located. Given that atmospheric temperature and the liquid precipitation ratio are projected to further increase, it is likely that the trend identified in this study will persist in the future. These combined changes could significantly increase surface runoff in the future for the GIC located on Ammassalik island.
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