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Recent global warming has resulted in notable environmental changes within the 

cryosphere. Accelerated glacier mass loss is particularly pronounced in relatively low-

elevation areas, such as the coastal and peripheral glaciers in Greenland (e.g., Noël et al., 

2017) and the northwest region (e.g., Mouginot et al., 2019).

In this context, Tsutaki et al. (2017) and Sugiyama et al. (2021) indicated that the 

equilibrium line altitude (ELA) of there was situated within an elevation zone between 700 

and 1000 m a.s.l. using stake observation. Based on these studies, it was possible to 

confirm that the SIGMA-B site is situated just above the ELA of the Qaanaaq Ice Cap.

The annual ELA varies significantly from year to year means that the area around the 

ELA is exposed or not exposed to the ice surface, meaning that the surface energy 

balance (SEB) near the ELA is controlled by intense changes in the surface (albedo) and 

atmospheric conditions.

In this study, we focus on the interannual variations over a decade in the SEB and SMB 

near the ELA of the Qaanaaq Ice Cap in northwest Greenland and the controlling factors of 

these variations (in particular, albedo, clouds, and radiation). We quantitatively clarified the 

mechanisms of the annual variations in the SEB and SMB.

INTRODUCTION ABSTRACT 

Exposure of ice surfaces induces large mass loss due to a significant albedo decrease. The ice 
surface exposure is likely to occur with greater frequency with global warming, the more significant 
surface mass loss can be expected, as observed in 2015 and 2019 at the SIGMA-B site.

Revealing the interannual variations over a decade in the SEB, SMB, and controlling factors 
of those at the SIGMA-B site, near the ELA of the Qaanaaq Ice Cap in northwest Greenland

Study objective:

– This study presents the SEB and SMB variations during 2012–2022 at the SIGMA-B site, around 
the ELA in Qaanaaq Ice Cap, northwest Greenland using SEB and the surface height change 
method (SHM) based on in situ observation meteorological data.

– Results revealed that the most significant surface melt occurred in the summers of 2019 (1058 
(SEB) and 1191 (SHM) mm w.e. a−1), and 2015 (974 (SEB) and 731 (SHM) mm w.e. a−1).

– The primary energy contributing to the surface melt in 2014/15 was net shortwave radiation 
caused by snow/ice albedo feedback, whereas, in 2018/19, it was not only shortwave radiation 
but also increased downward longwave radiation from the warm cloud cover.

– The accumulative SMB over a decade from 2012 was slightly positive, with a value of +0.26 
(SEB) and +0.28 (SHM) m w.e.

CONCLUDING REMARK and OUTLOOK

RESULT

SITE DESCRIPTION & METHOD

Fig. 1. Scatter plots of (a) observed and calculated surface temperatures (Ts); (b) observed SMB

with the stake measurement in Tsutaki et al. (2017) and the calculated SMBSEB and SMBSHM in this
study. The data plots for the hourly and daily time steps were colored gray and orange,
respectively, and the regression lines were solid black and red in Fig. 1(a).

The root mean square 
errors (RMSEs) of observed 
and calculated surface 
temperatures were 2.57 and 
1.48, respectively, for hourly 
and daily data (Fig. 1a). The 
coefficients of determination 
(R2) between the observed 
and calculated SMB values 
were 0.81 (SEB) and 0.47 
(SHM), and the RMSEs 
were 0.28 (SEB) and 0.31 
(SHM) m w.e. (Fig. 1b). 
These results suggest that 
the SEB model is sufficiently 
accurate on a daily time 
resolution, and SMB values 
calculated using the SEB 
method were more accurate 
than those calculated using 
the SHM.

Observed climatology and Interannual variations of PDD and SEB
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Fig. 4. Temporal variations in the 10-year averages 

of SWnet, LWnet, H, ιE, QR, QS, and Qnet for each 
month from 2012 to 2022. Error bars indicate ±1 

standard deviation.

A significant albedo decrease 
and high PDDs were recorded in 
2015, 2016, 2019, and 2020 (Fig. 
2a and 3). In addition, significant 
surface degradations were also 
recorded in these years (Fig. 2b; 

(2014/15: 144.3 cm; 2018/19: 83.9 cm). Monthly mean 
albedo with the lowest decrease was 0.56 in July 2015, 
and it was below  0.65 in summer in all other years 
mentioned above. Based on these results, a decrease in 
albedo and surface height was confirmed in years with 
high air temperatures, and the trend was particularly 
pronounced in 2014/15 and 2018/19.

Figure 4 shows that, after April, the SWnet contribution 
to the increases in Qnet reached its maximum in July, 
when SWnet was 1.8 times greater than Qnet. This SWnet 
variation is accompanied by a similar trend of Qnet even 
though the energy components exhibit significant 
standard deviations in summer, particularly in July 
(SWnet: 22.8 and Qnet: 25.7 [W m−2]).

Surface mass balance variation

Significantly small annual accumulations were observed in 2014/15 (404 mm w.e.) and 2018/19 (452 mm w.e.). The 
largest ablation amounts (RU + SUs + ERds) were observed in 2018/19 (SEB: 1075; SHM: 1191 [mm w.e.]). The larger 
negative annual SMBs were calculated with a combination of small accumulation and large ablation, which occurred in 
2014/15 (SMBSEB: −692; SMBSHM: −443 [mm w.e.]) and 2018/19 (SMBSEB: −623; SMBSHM: −739 [mm w.e.]). Figure 6 
demonstrates that the SMB over the entire observation period is slightly positive with interannual SMB fluctuations. The 
cumulative SMBs in August 2022 were +0.26 (SEB) and +0.28 m w.e. (SHM), resulting in a difference of 0.02 m w.e.

DISCUSSION | The causes of drastic surface melt in the 2014/15 and 2018/19 summers

Figure 7 reveals the following features:

<2014/15 summer>
1)  Low albedo and clear-sky conditions (low Nε) were observed (JJA mean: 

albedo = 0.68, Nε = 0.34).

<2018/19 summer>
1) A significant albedo decrease comparable to that observed in July 2014/15 was 

not observed.
2) The albedo did not increase until late August, resulting in a high monthly mean 

SWnet in August.
3) The Nε was greater (JJA mean Nε = 0.49), meaning that cloudy conditions were 

relatively continuous. This trend was most pronounced in June, where the value 
was 0.60.

Increasing air temperatures in the cryosphere, as typified by "Arctic Amplification", have brought about various environmental changes, such as a decrease in albedo and changes in precipitation phase (snow to 
rain). Less snowfall leads the reduction in the firn layer resulting in significant mass loss in the peripheral regions of the ice sheet, where the water retention capacity is diminishing and unable to store meltwater and 
rainwater (Noël et al., 2017, 2022).

Should this warming trend persist in the future, mass loss may accelerate in the mid-elevation zones of coastal ice caps, such as in the vicinity of the SIGMA-B site. As demonstrated by our results, in years when 
significant surface melting occurred, such as in 2014/15 and 2018/19, there was a significant reduction in albedo (possibly due to ice surface exposure) at the SIGMA-B site, which is located near the ELA. In that case, 
the ice surface below the firn layer would be more exposed, and the results of this study suggest that, if "Arctic Amplification" continues, mass loss will accelerate as it occurred in 2014/15 and 2018/19.

SIGMA-B site: On the Qaanaaq Ice Cap
 (N77.518°, W69.062°: 944 m a.s.l.)

Period：July 2012－August 2024

Surface energy balance (SEB, Qnet) was calculated using the observation data at the SIGMA-B site. The radiant flux absorbed by the surface (Rabs; Kondo and Yamazaki, 1990) is defined as the total of SWnet and downward longwave radiation absorbed by 
the surface (ɛLWd). H and ιE were calculated using the bulk aerodynamic method. Surface mass balance (SMB) is defined as Eq. (1). The sign of each variable is positive for mass gain and negative for mass loss. Precipitation (P) is classified into Psnow and Prain. 
Psnow is calculated using the hourly surface height (sh) positive change, and Prain was calculated using the polar regional climate model NHM-SMAP (Niwano et al., 2018). Surface melt amount (M) was calculated using two methods: the surface height method 
(SHM), which uses the difference in hourly surface height (sh) data, and the SEB model. RFA was estimated based on each   a ’s change in the ice surface height, identified by the surface albedo (α). SUs, including four processes: sublimation, deposition, 
evaporation, and condensation, were calculated using the latent heat flux and surface temperature (Ts). ERds is calculated using the surface snow density and each time step difference in the surface height.

Nε is defined as Eq. (2), an indicator of cloud cover in the sky (0: clear-sky, 1: overcast), and calculated using effective, clear-sky, and overcast atmospheric emissivity values by the methodology of  Konzelmann et al. (1994) and van den Broeke et al. (2004).

Fig. M1. Map of Greenland (bottom left) and the 

location of the SIGMA-B site (main map), and an 
overview of the AWS system at the SIGMA-B site in 
July 2012 (middle right). The map contour intervals of 

the thick and thin lines in the main map are set as 500 
and 100 m a.s.l., respectively. 
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Fig. 3. Temporal variation in positive degree-day 

during summer (June–August) from 2013 to 2022.

High PDD: 

2015, 2016, 2019, 2020
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Fig. 2. Temporal variations in monthly mean (a) albedo, (b) surface height, (c) wind speed and 

air specific humidity, and air and surface temperatures between July 2012 and August 2022.

significant albedo decrease 

surface degradation
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Fig. 5. Temporal variation in annual accumulative 

amounts of accumulation (Psnow and Prain; blue bars), 
refreezing amount (RFA; purple bars), surface melt 
amount (MSEB and MSHM; red bar and white box plot, 

respectively), water vapor flux (SUs; green bar), snow 
mass flux triggered by wind erosion (ERds; gray bar), 

and surface mass balance (SMBSEB and SMBSHM; 
orange and white circle plots, respectively).

small accumulation

large ablation
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Fig. 6. Temporal variation in monthly accumulative accumulation (P; blue bar), surface melts (MSEB and MSHM; red bar and 

white box plot), refreezing amount (RFA; purple bars), water vapor flux (SUs; green bar), and snow mass flux triggered by 
wind erosion (ERds; gray bar) on the left vertical axis. On the right axis, accumulative surface mass balance variations 
(SMBSEB and SMBSHM; orange and white circle plots, respectively), with zero at the start of the observation, are shown.

slightly positive
+0.26 m w.e. (SEB)
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Fig. 7. Temporal variation in daily means of net shortwave radiation 

(SWnet), net longwave radiation (LWnet), sensible heat flux (H), 
latent heat flux (ι ), rainfall energy flux (QR), subsurface energy 
flux (QS), total of energy fluxes (Qnet), surface albedo, and cloud 

factor ( ε) during the summer seasons of (a) 2015 and (b) 2019.

JJA mean: albedo = 0.68, Nε = 0.34

Significant albedo 

decrease

Relatively cloudy conditions (increasing 

LWd; cloud radiative feedback)

sustained SWnet energy input
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Fig. 8. Number of surface melt days defined as a daily mean surface temperature of 0°C, its distribution, and the amount of radiation absorbed 

by the surface (Rabs [W m–2]: a sum of SWnet and εLWd) in each summer (June–August). The color map indicates the Rabs amount, the gray 
areas indicate days with missing data, and the black grid lines represent surface melt days.

Large Rabs energy input (← SWnet contribution; snow-albedo feedback)

Continuous Rabs energy input (← SWnet+LWd contribution; cloud radiative feedback)

The energy input from Rabs in July 2015, resulting from the SWnet contribution 
due to the snow-albedo feedback, leads to the greatest amount of surface melt. In 
contrast, in 2018/19 summer, the Rabs values remained consistently high 
(approximately 350 W m−2 or higher), resulting from the LWd due to the cloud 
radiative forcing. In addition, the surface melt persisted until August 15.

High air temperatures atmospheric conditions and various radiative processes caused the melting events in the 
2014/15 and 2018/19 summers (Figs. 5 and 6). These processes include the positive albedo feedback for snow and ice 
melting, which is caused by snow metamorphism and albedo reduction (Aoki et al., 2011) in 2014/15, as well as the cloud 
radiative forcing effect (Ramanathan et al., 1989) in 2018/19.

Thus, the substantial SWnet energy 
input in July 2014/15 was responsible 
for the second-largest surface melt 
event, and the sustained Rabs energy 
input in the summer of 2018/19 
resulted in the highest recorded 
amount of surface melt during the 
observation period.

Fig. M2. Conceptual diagram of (a) the surface energy balance, (b) snow/rain accumulation, and (c) ablation by the surface energy balance model and surface height method.
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