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Abstract. Greenland ice sheet mass loss has accelerated ianhanced snow grain metamorphic rates, further reducing
the past decade responding to combined glacier dischargalbedo; (2) increased surface downward shortwave flux, lead-
and surface melt water runoff increases. During summer, abing to more surface heating and further albedo reduction; and
sorbed solar energy, modulated at the surface primarily by3) reduced snowfall rates sustained low albedo, maximiz-
albedo, is the dominant factor governing surface melt vari-ing surface solar heating, progressively lowering albedo over
ability in the ablation area. Using satellite-derived surfacemultiple years. The summer net infrared and solar radiation
albedo with calibrated regional climate modeled surface airfor the high elevation accumulation area approached posi-
temperature and surface downward solar irradiance, we detive values during this period. Thus, it is reasonable to ex-
termine the spatial dependence and quantitative impact of thpect 100 % melt area over the ice sheet within another similar
ice sheet albedo feedback over 12 summer periods begirdecade of warming.

ning in 2000. We find that, while albedo feedback defined
by the change in net solar shortwave flux and temperature

over time is positive over 97 % of the ice sheet, when de-

fined using paired annual anomalies, a second-order negative Introduction

feedback is evident over 63 % of the accumulation area. This

negative feedback damps the accumulation area response gyeenland ice sheet mass balance fluctuations exert an im-
warming due to a positive correlation between snowfall andPortant influence on global sea level, while changes to its
surface air temperature anomalies. Positive anomaly-gaugegfYosphere provide useful indicators of climate change. Be-
feedback concentrated in the ablation area accounts for mordveen 1961 and 1990, a period in which the Greenland ice
than half of the overall increase in melting when satellite- Sheet was in relative balancRignot et al, 2008, the an-
derived melt duration is used to define the timing when netntial net snow accumulation totaled700 Gtyr *, balanced
shortwave flux is sunk into melting. Abnormally strong an- by ~ 480 Gtyr ! glacier discharge anet 220 Gtyr* runoff
ticyclonic circulation, associated with a persistent summerlosses Ettema et al.2009 van den Broeke et al2009.
North Atlantic Oscillation extreme since 2007, enabled threeSubsequently, satellite gravimetry reveals overall mass loss
amplifying mechanisms to maximize the albedo feedback:(Chen et al.2011) due to a combination of increased surface
(1) increased warm (south) air advection along the west-Melting (Mote, 2007 Fettweis et al.20113 and runoff Box

em ice sheet increased surface sensible heating that in tur®f &l, 2006 Ettema et al.2009, peripheral dynamic thinning
(Krabill et al, 2004 Pritchard et al.2009 and increased
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glacier dischargeRignot et al, 2006 Howat et al, 2009. surface energy budget is examined to identify key melt sensi-

During summer, absorbed solar energy (a.k.a. net shortwavtvities. Analysis of regional atmospheric circulation anoma-

flux), modulated at the surface primarily by albedo, is thelies permits attribution of the triggers and a cascade of causal

dominant factor governing surface melt variability in the ab- mechanisms driving surface melting via albedo feedback and

lation area Yan den Broeke et al2008. The current mass other physical processes.

loss appears to be dominated by either ice discharge or sur-

face ablation depending on which mass flux is greatest in

a given yearRignot et al, 2006 van den Broeke et aR009.
Changes in snow and ice cover duration and area have ap 4

amplifying effect on climate in warming and cooling sce- ~

narios from the complex and self-reinforcing surface albedogc_net AWS Gteffen et al. 1996 provide hourly averages
feedback with temperaturédall (2004 reviews numerous ¢ 155 measurements of surface upward and downward solar

relevant publications of the prior decades. Warming reduce$adiance 6 | ands 1, respectively). The LI-COR 200 SZ

albedo even without removing snow or ice cover, through thepyranometers are sensitive in the 0.4 to 1.1 pm wavelength

increase of snow grain size from snow crystal metamorphisn}ange. A-+0.035 bias offset in 200 SZ albedo was derived
(Wiscombe and Warrer198Q Dozier et al, 2009 Warren  py Siroeve et al(200§ in comparison with broadband (0.3
1983. The feedback operates in reverse with cooling assoyg 3 o ;m) pyranometers observations, owing to incomplete
ciated with higher albedo from more persistent snow covery, .o qhand sensitivity of the downward facing LI-COR pyra-
lower rain to snowfall ratios, and less positive surface radia‘nometer. S | was found to be accurately measurdgy is
tion budget. _ _ _ sampled at 155 intervals using thermocouples and at 60s
~An assessment of Northern Hemispheric satellite and reygjng vajsala HMP45C thermistors shielded from direct so-
gional climate model date-(anner et a].201]) derives top  |5r jrradiance (a.k.a. shortwave flux) by naturally aspirated
of the atmospherze |cci-albedo feedback magnitudes betwegp;te plastic enclosures. A 2-3K root-mean-square (RMS)
0.3 and 1.1Wm“K™" Fernandes et al2009 measured oo correspondence is found between the hofisyaver-
surface albedo sensitivity to surface awtemperatﬂge)(folr ages and instantaneous clear-sky MODIS surface tempera-
land surfaces poleward of 381 to be —0.93+0.06 %K ture satellite-retrievals over Greenlarida(l et al, 20083.

with maximum albedo sensitivity exceeding % K~1 over Before computing monthly averages, the GC-Nigt data

the northern terrestrial environments where the albedo dif-are quality controlled by rejecting hourly data for which there

ference between snow cover and bare land reaches maxs 5 gisagreement 0.5 K between the thermocouples and the
mum values up to- 0.7. This study did not explicitly analyze  hermistors. At least 90 % of possible cases must be available
albedo sensitivity for the Greenland ice sheet, presumablyq nonthiy averages to be calculated and used in this study.

because downscaling would have been necessary to resolg,eqo computed from GC-Nef | and s 4 data is quality

the ice sheet ablation area. _ _controlled on a monthly basis by rejecting albedo associated
Stroeve(200]) assessed Greenland ice sheet albedo variyiih monthly total§ 1 exceeding | . Other cases of obvious

ability using monthly averaged albedo from the AVHRR v anometer failure are rejected, for example due to heavy
Polar Pathfinder (APP) data set spanning 1981-1998, findzme frost accretion when calculated monthly albedo values

ing (1) anomalously low albedo during the warm years of iter in the absolute by more than 0.2 from the satellite data.
1995 and 1998; (2) high albedo in 1992, associated with

the low temperature anomaly caused by the Mt. Pinatub® 2 Ssatellite-derived albedo
eruption (e.g.Abdalati and Steffen2001); (3) correspon-
dence of the remotely sensed albedo with in-situ observaSurface albedo retrievals from the NASA Terra platform
tions from Greenland Climate Network (GC-Net) automatic MODIS sensor MOD10A1 product beginning 5 March 2000
weather stations (AWS)Steffen et al. 1996; (4) correla-  are available from the National Snow and Ice Data Center
tion between changes in albedo with the NAO index; and(NSIDC) (Hall et al, 2011). The daily MOD10A1 product
(5) an overall negative albedo trend over the 1981-1998 peis chosen instead of the MODIS MOD43 or MCD43 8-day
riod of study.Box et al.(2006 found a decline in ice sheet products to increase temporal resolution. Release version 005
albedo for the 2000-2004 period using Moderate-resolutiordata are compiled over Greenland spanning March 2000 to
Imaging Spectroradiometer (MODIS) data processed usingdctober 2011. Surface albedo is calculated using the first
theLiang et al.(2005 algorithm. seven visible and near-infrared MODIS banddefn and

The primary objectives of this study are to quantify and Stroeve 2002 Klein and Barnett2003. The MOD10Al
understand the spatial patterns of Greenland ice sheet albegwoduct contains snow extent, snow albedo, fractional snow
change, albedo sensitivity to near surface air temperatureover, and quality assessment data at 500 m resolution, grid-
and precipitation, and the ice-albedo feedback. This is acded in a sinusoidal map projection. The data are interpo-
complished using satellite observations and regional climatdated to a 5km Equal Area Scalable Earth (EASE) grid
model output both calibrated with in-situ observations. Theusing the NSIDQegrid utility (http://nsidc.org/data/modis/

Data

In-situ observations
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ms2gt). The interpolation method employs a trend surfacedata product is based on daily averagigdace retrievals
through the surrounding four 500 m grid cell values closest tofrom swath data and a split-window algorithm using MODIS
the grid points. The resulting 5 km spatial resolution permitsbands 31 (11 um) and 32 (12 um/&n et al, 2002. These
resolving the ablation area within the goals of this study. Ma-data have a RMS errar 1°C in comparison with indepen-
jor gaps in the time series occur 29 July—18 August 2000 andlent in-situ observation¥\(an et al, 2008, with higher RMS
14 June-7 July 2001. The frequency and quality of spaceerrors (find RMS errox 1°C ) found over GreenlandHall
borne albedo retrievals decrease in non-summer months a al, 2008a Hall et al, 20088.

the amount of solar irradiance and solar incidence angles

decrease. Also, in non-melting periods before April and af-2.4 MODIS MOD10AL1 validation

ter September, there are few valid data, especially in North- )
ern Greenland because of the extremely low solar incidenc e compare MOD10A1 albedo with GC-Net albedo for the

angles. The accuracy of retrieving albedo from satellite or2000—2010 time period at 17 GC-Net sites within the 550

ground-based instruments declines as the solar zenith angie?°0 M €levation range. Comparisons are made with the
(SZA) increases, especially beyord’5°, resulting in many nearest MODIS 5km grid cell that essentially includes the

instances of albedo values that exceed the expected max2C-Net position within the grid cell area. Months with less
mum clear sky snow albedo of 0.84 measuredkioyzel- than 90 % pos_3|ble of the hourly samples data are not consid-
mann and Ohmur&1995. Here, we limit problematic data ©€red- Under high SZA, GC-Net LI-COR 200-SZ pyranome-

by focusing on the June—August period when SZA is mini- ter errors become extreme, especially for the downward fac-
mal. ing sensor. This error is minimized by using monthly totals

Stroeve et al(200§ concluded that the MOD10A1 data of paired hourlyS | andS 1 data in the albedo calculation:
product captured the natural seasonal cycle in albedo, butex; _ Z S 1 /Z S 1)
hibited significantly more temporal variability than recorded
by ground observations. We now understand that a domiWhile cases when SZA is high are included in this calcu-
nant component of this assessed error is the failure of théation, their contribution to the total is negligibleah den
MODIS data product to completely remove cloud effects. In- Broeke et al.2004). Other error sources than station tilt in-
spection of the raw MOD10A1 images reveals an abundancelude, for example, bias when a thin snow cover is present
of residual cloud artifacts (shadows, contrails, thin clouds,on the upward sensor surface ahg is still greater thar§ ¢
cloud edges) in the albedo product, presumably because thend are not compensated here.
similar spectral properties between snow and some clouds re- GC-Net albedos are measured under all-sky conditions,
sultin obvious cloud structures. Another problem consists ofwhile MODIS MOD10A1 data are retrieved exclusively for
spuriously low values, for example below 0.4 in the accumu-clear-sky conditions. All-sky GC-Net albedo data will thus
lation area where albedo is not observed by pyranometers ahclude the effect of clouds, increasing calculated albedo be-
the surface to drop below 0.7, seen as linear stripe artifactsause of cloudy cases. Consulting Figin which no sig-
in the imagery. Because both the cloud shadows and stripesificant bias is found between the all-sky GC-Net data and
introduce abrupt daily departures from the actual albedo timehe MOD10A1 data, the effect of cloudiness on GC-Net data
series, it is possible to reject them using a multi-day sampleseems within the residual uncertainty between these inde-
Thus, on a pixel-by-pixel basis, 11-day running statistics arependent data sets. Otherwise, there may be some offset in
used to identify and reject values that exceed 2 standard dehe absolute accuracy of the MOD10A1 data. Yet, that offset
viations (2r) from an 11-day average. To prevent rejecting was not apparent in thetroeve et al(2006§ comparisons in
potentially valid cases, data within 0.04 of the median arewhich the GC-Net data were selected using a cloud clearing
not rejected. The 11-day median is taken to represent eacmethodologyBox (1997. In either case, the absolute bias is
pixel in the daily data and has a smoothing effect on theless than the RMSE and here is not compensated further.
albedo time series. June—August (JJA or summer) seasonal Averaging MODIS data within 10 km of the GC-Net AWS
averages are generated from monthly averages of the daillpcation yields RMSE values of 0.0440.011 (Fig.1). This
filtered and smoothed data. Redundant data from the AQu&MSE finding is smaller by nearly a factor of two than found
satellite MODIS instrument are not used in this study for sim- by Stroeve et al(2006, because monthly instead of daily
plicity, to reduce computational burdens, and given an Aquameans are considered and the cloud artifact and image stripe
MODIS instrument near infrared (channel 6) failuka(l et outlier rejection described in the previous section greatly re-

al., 20083 that reduces the cloud detection capability. duce spurious temporal variability. While the residual bias
(—0.006+0.008) is indistinguishable from zero, there is
2.3 Land surface temperature evidence of positive skew in the MODIS data above 0.84

when pyranometers report albedo exceeding 0.84 only under
MODIS thermal infrared observations enable retrieval of cloudy skiesKonzelmann and Ohmur&995. Ground mea-
land surface temperaturdy(sacd under cloud-free condi- surements of albedo greater than 0.84 under cloudy condi-
tions at 1 km horizontal resolution. The MODIS MOD11A1 tions are attributable to the relative increase in the absorption
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May June Régional (MAR) Fettweis et al. 20113 is coupled with
OOfy oo 098y =542 00q a one-dimensional multi-layered energy balance snow model
N il A R TS (Gallee and Schaye4994 Lefebre et al.2003. The tem-
g oTpree 4 g 0T o perature, albedo, precipitation and surface melt simulated
§os ,0"0 § o6 of o by MAR have been validated_¢éfebre et al. 2003 2005
§‘ 0.5 /e § 0.5 /5 o Fettweis et al.2005 2011ab). The ability of MAR to re-
& 0.4 & 0.4 A alistically simulate the surface mass balance over the ice
S et ® ost S sheet has been establishégitweis 2007 Tedesco et al.
0280 0.28 2011). The MAR version used here is calibrated to best com-
0.20.30.40.50.60.70.80.9 0.20.30.40.50.6 0.7 0.6 0.9 pare with the satellite passive microwave-derived melt extent
h;l:m s Aug’ulgl s from 1979—2009Rettweis et a].20113. A tundra/ice mask
0.9 v 0grs 1000 0.9 v = a8z 1007 is used based on the Greenland land surface classification
0.8} hias = ~0.004 o 0.8} hias = ~0.011 mask from a MODIS classificatiomttp://bprc.osu.edu/wiki/
a RMSE = 0.037 ° ] RMSE = 0.054 o, .
$ 0.7kN = os . $ 0.7kN =5 o JasonBox_Datasety and the model terrairBamber et al.
£ 06 00 % 06 o 2007) is smoothed ettweis et a.2005. MAR is run with
o . . .
< 05 oo ¥ 05t o of ° a horizontal resolution of 25km and is forced each 6h at
E o4 o z oab © 346 the lateral boundaries by the European Centre for Medium
© 0.3 0° © 0.3 e ° Range Weather Forecasts (ECMWF) ERA-INTERIM reanal-
0: 2 ~ 0: 2 Y ° ysis Dee et al, 2011). MAR data are attractive for use

here, because they are available at higher spatial resolution
than global re-analyses, sufficient to resolve spatial gradients
Fig. 1. Comparison of the monthly averaged MODIS MOD10A1 (Fr?n(t:ﬁ et a|-2013t|n Tair, St.i’ Sr:jO\thandl_:amfat”H a?f::: ‘

values less than 0.84 within 10 km of 17 GC-Net automatic weatherera other parameters me_n loned later. Here, the ata
stations. The June—August average RMS error is 0.041. are resampled and reprojected to the 5km MODIS albedo

data grid (EASE-Grid), described earlier.

0.20.30.40.50.60.70.80.9
MOD10A1, unitless

0.20.30.40.50.60.70.80.9
MOD10A1, unitless

of the downward near-infrared solar irradiance by clouds.2-6 MAR validation

The MODIS albedo algorithm does not provide a surface

albedo estimate under cloudy skies. In addition, extremelyGC-Net data are used to evaluate the accuracy of MAR sim-
high (> 0.9) MOD10AL1 values are found at high (1500  ulations ofS | and 7. At monthly time scales, fof |, we

m) elevations in the most northerly latitudes where SZA isfind that the MAR RMS error is equivalent to the GC-Net
high, and when the uncertainty in the MOD10A1 albedo is S€Nsor uncertainty of 15 Wi, equal to the 5% instrument
also high as noted by the accompanying data quality flag. It isSPecifications under 300 WTR irradiance. The average bi-
nonetheless possible to conclude that the MOD10A1 produc@ses are less than the specified GC-Net sensor error. How-
is accurate in representing Greenland ice sheet albedo in tHVer, a systematic bias is evident for June, July, and August,
range from 0.26 to 0.84, in which we have nearly simultane-With regression slopes between 0.81 and 0.84, suggesting

ous and coincident GC-Net AWS observations. Comparisonghat MAR has 16-19 % too much shortwave cloud opacity
are not made when MODIS albedos exceed 0.84. in the lower half of the distribution. To meet the goal of as-

Minimum ice sheet albedo values in the MOD10A1 prod- Sessing the albedo feedback with maximum accuracy, the re-
uct over the part of Greenland that our land mask classifie§lression functions illustrated in Fig.are used to calibrate
the surface as permanent ice are 0.31. It is important to bAR § | Assuming all absolute and systematic error is at-
explicit about the use of a mask, because some lower albedéibuted to MAR and that these errors are temporally homo-
debris-covered area may be excluded. The lowest reporteg€neous, the monthly regression functions are applied to the
GC-Net albedo measurement (0.259) is from the JAR1 sitenonthly average MAR data prior to calculating seasonal av-
for July 2010. The JARL AWS is situated in the most impu- €rages. Only JJA data are used in this study to evaluate the
rity rich parts of the ablation are¥\fentjes and Oerlemans ~ albedo sensitivity to temperature and albedo feedback.

2010 where values of 0.31 are estimatediiyap and Oer- Monthly averages from GC-Net for the 2000-2010 pe-
lemans(1996. riod are used to evaluate the accuracy of monthly average

MAR simulations of Ty illustrated in Fig.3. The average
bias grows from OC in June with an RMS error of 1°LC to

a minor positive bias in July and an obvious systematic bias
A source of climate parameters distributed over all of thein August. The MAR cold bias in July/August is a conse-
Greenland ice sheet is needed in this study to evaluatguence of an underestimationbf| (Fettweis et al.20113.
albedo sensitivity td,; and albedo feedback with;, and However, it should be noted that this bias occurs for pix-
S |. The observationally constrained Meld Atmosplrique  els with temperatures below10°C where little melting is

2.5 The MAR regional climate model
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Fig. 2. Comparison of monthly averaged MAR simulations of Fig. 3. Comparison of monthly averaged MAR simulations of sur-
downward shortwave irradiance with observations from GC-Net au-face air temperature with observations from GC-Net automatic

tomatic weather stations spanning the 2000-2010 period when GGyeather stations for the 2000-2010 when GC-Ngt data are
NetS | data are available for this study. available for this study.

simulated. As withS |, to minimize bias, the MAR,;; data

SMB
are calibrated using the monthly regression functions. The 2000-2011

. . . mm w eq
post-calibration RMS error is 1.

Additional MAR variables used in this study include the 2000
turbulent heat fluxes@ sy and Q| 1. Energy fluxes that heat ;ggg
the surface are positive in this budget. The net turbulent flux 1700
(QsH+ QLn) is also referred to in this study. Downward 1600
longwave irradiancel( | ) is used to evaluate changes in all- ;ggg
sky downward thermal emission. Similarly, the total down- 1300
ward irradiance, the sum 6f|, +L | (hereafterR |), is use- ;?88
ful to evaluate total surface incident radiation flux density. 1388
2.7 Surface mass balance 288

600
Grey tones in Fig4 indicate the mean ablation area over 500
the 2000-2011 period, according to MAR, where the cal- §88
culated annual melt and runoff exceed the snow accumula- 200
tion rate and the surface mass balance (SMB) is negative. 708
Colored regions indicate the accumulation area according to —-250
MAR where SMB is positive. Thequilibrium lineseparates _7288
the ~ 1.428+ 0.131x 10° km? net snowaccumulation area —2000
from the 0.414t 0.249x 10° km? net iceablation area The —2’888

km? areas are from the MAR simulations in the 2000-2011
period. The values following+" indicate 1 of 11 hydro- Fig. 4. Surface mass balance averaged spanning the 12 yr of this

logic year samples ending in 2011. study (2000-2011) according to MAR simulations. Grey tones in-
dicate the ablation area. Colored regions indicate the accumulation
2.8 Surface melt extent area.

Greenland melt extent is mapped using passive microwave
observations from the NOAA/NASA Pathfinder SSM/I Level
3 EASE-Grid Brightness Temperature data recorded by

www.the-cryosphere.net/6/821/2012/ The Cryosphere, 6, 88R9, 2012



826 J. E. Box et al.: Greenland ice sheet albedo feedback

the Special Sensor Microwave/lmager (SSM/I) flown on

the satellites of the Defense Meteorological Satellite Pro- L

gram (DMSP, F08, F11, F13 and F17). The data are grid-M = (RN — (@sH+ OiH + Q6)) At (Lip)~ (4)

ded to a 25km resolutionh{tp://nsidc.org/data/docs/daac/ ) ) ) )
nsidc0032ssmieasetbs.gd.htm) and are available from WhereAr is the time m}erval (S)Lt is the latent heat of
NSIDC (ttp://nsidc.org/data/nsidc-0032.hjmWhen snow ~ fusion (3.335¢ 10°Jkg™); and p is the density of water
melts, the imaginary part of snow permittivity increases as(1000kgnT=). The associated melt extent has been vali-
a consequence of the presence of liquid water, causing an irffted Tedesco et al.201]) with SMB observations from
crease in the absorption and, therefore, microwave brightned§® K-transect along the western ice sheet and with satellite
temperatureChang et al.1976 Mote and Andersan995 microwave observationg-éttweis et al.20113. The inter-
Abdalati and Steffer2001 Mote, 2007 Tedescp2007 Fet- annual variability and magnitude of MAR-derived, driven
tweis et al, 20113. Conversely, brightness temperatures over?Y the ERA-Interim reanalysis, correspond closely with the
dry snow are relatively low and this is especially true in in situ and satellite-derived observations. As for the unvali-
Greenland where ice (not land) lies below the snowpack_date‘j parametergsy anq OLH, it is the relative and inter-
Brightness temperatures can also increase because of a dainual magnitude of variability rather than the absolute mag-
crease in effective grain size due to new snow or change§itude that is of primary interest. As such, absolute error
in snow temperature. However, these processes are mudf Minimized. MAR-simulated2g for June-August is cal-
slower than those associated with the appearance of liqui§Ulated to be the smallest surface energy budget term, ap-
water within the snowpack within a diurnal cycle. Melt- Proaching zero in the upper 1 m of the ablation area and is
ing is here detected when the difference between ascendin nly analyzed indirectly in this study via its contribution to
and descending brightness temperatures (DAV) measured at ) , . . ,
19.35GHz, or when the absolute value of either ascending In the interest of understanding possible changes in the im-
or descending brightness temperatures exceeds the estimatBartance of net shortwave flusife) to M, surface melt du-

threshold valuesTedescp2007). ranon_(mmemng) defi_ned usiqg pass_ive microwavieflesco
2007 is used to define melting attributable to net shortwave
flux alone:
3 Methods
Met shortwave fluxe= SnetAlmeIting(pr)_l- (5)
The physical processes driving surface melt over ice are iso-
lated using a surface energy budget: While partitioning in this way is somewhat arbitrary since it
is the net surface energy that govets and Spet may be
OsH+ QuH + 06 = RN = Lnet+ Snet (2)  greater than net surface energy for periods shorter than three

whereQsyandQy 1 are the turbulent sensible and latent heat MONths, the temporal change in the rafet shortwave flukM
fluxes, respectively. Persistent temperature inversions oveYi€lds an estimate of the relative importance of net short-
ice sheets leadsy to be a surface energy source most of Wave flux _to r_neltmg. Over time, this ratio indirectly yields
the year yan den Broeke et a2008. Q4 is an energy sink  the changing importance the albedo feedbackito
where evaporation or sublimation absorbs latent heat; The albedo sensitivity tq near-surface air temperature (at
can be a melt energy source in the lower ablation avan ( ~ 3™ above the surface in MAR calculations), expressed
den Broeke et al.2008. Qg is the subsurface conductive N€re in units of % albedo K using thex* symbol, is deter-
sensible heat fluxky is the net vertical radiation energy flux Mined by regression between 12 annual samples of detrended
that tends toward balance over time with the non-radiative@nomalies of June—August averageandTr. It is worth em-
fluxes.Lnet is the difference between downward and upward Phasizing that the regression is not between successive val-
infrared irradiance I{ | —L 1). Snet represents surface ab- U€S in time series but is made using annual pairs of anoma-
sorbed solar energynet depends ors | and the surface lies. This pairing is illustrated in Figs. In the same manner,
albedo &), defined as the ratio of the upward to downward W& quantify the albedo feedback in units of WﬁKi us-
solar irradiance in the 0.3 um to 4 um spectrum: ing annual pairs of_summer average ano_mahes, i6het and
Tair, anomalies indicated by tHeharacter inA’;

Snet=S8 | (1—a). 3) , , , , ,
S | peaks in summer months and is modulated by cloud opti—afeedbacka_ AS V(A= Aa)/ATeir = A Sned ATar- - (6)
cal thickness and solar illumination geometry. The latter de- Thjs definition of albedo feedback does not include lags,
pends significantly on the 23latitudinal extent of the ice  which may contribute to albedo change. Indeed, there is
sheet. Units of energy fluxes are W some evidence discussed relative to Figwhereby resid-

Melt water volume /), expressed in units of mm water ya| low year 2010 albedo may have pre-conditioned year
equivalence (mmw.e.), is calculated by MAR from surface 2011 for low albedo. Therefore, an alternative formula-
energy budget closure: tion for albedo feedback (here referred to as thek
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Location: JAR1, 69.498N, 49.681 W 0.85(
[ B=45.5 W m™ K" ' ' 0'7 ] L
20 etrened 2016989 ] 0.80
§ 20,
N I Yoo 2001 @ i
3 7 2005 2071 2 07
£ 2000 ‘4 S
SE. —_20 <009 _ 0.70
f/){ L
_40F <006 i 0.65
-0.6 -0.4 _O'i AO'O 0.2 0.4 0.6 Fig. 6. 11-day running median Greenland ice sheet albedo
w Anomaly, K from Moderate Resolution Imaging Spectroradiometer (MODIS)
Location: Summit, 72.579N, 38.504 W MOD10AL1 data.
CB=-0.97 W m* k" . ]
gLR=-0.26 2011 ] . . .
[ detrended 1 low-impurity snow-free glacier ice is in the range of 0.30 to
TS 40 b 0.60 Cuffey and Patersqr201Q Table 5.2). Where aeolian
N I 2001 ] _and m|crob|olog|gal impurities accumulate near the glacier
s 2F 20002004 . ice surface Bgggild et al,_ 2010, the albedo may be ex- _
g r 2009 2005 2003 ] tre_mely low (0.20). Thus, mtraseasongl summer albedo vari-
S o0 ability exceeds 0.50 over parts of the ice sheet where a snow
& layer ablates by mid-summer, exposing an impurity-rich ice
g -2F 2002 2008 2010 surface Knap and Oerlemans996 Wientjes and Oerle-
: 20942007 ] mans 2010), resulting inSpet being the largest source of en-
—4r 7 ergy for melting during summer and explaining most of the
[, , , , , L] inter-annual variability in melt totalssan den Broeke et al.
-1.5 -1.0 -05 0.0 05 1.0 1.5 2011). The accumulation area is also susceptible to albedo
T Anomaly, K feedback from grain growth metamorphism occurring in sub-

freezing conditions.
Fig. 5. Examples of albedo feedback calculated by regression of in- Temporal changes in any of the variables are considered
ter annual anomalies. The 5km grid cell locations illustrated here“significant” if the 12-yr regression slope multiplied by the
are coincident with GC-Net AWS sites, but more importantly illus- number of years, i.e. the “change”, exceedof the residu-

trate the differences between the ablation and accumulation areasys of the linear fit. Thed uncertainty envelope is presented
The dashed grey line indicates the regression slope that is here us : ) :
to quantify the sign and magnitude of the albedo feedback. ?H'lmedlately after slope values using tiesymbol.

. . 4 Results
feedbackxseedbacih)) iS the change in net shortwave flux,

ASned ATair, over time. Whileaseedbacks may more explic- 4.1 Albedo seasonal and inter-annual variability
itly represent the energy system to the first order, computing
feedback from pairing of anomalies (Fig). yields a insight  The average albedo of the ice sheet declines from 0.835 in
into the importance of, for example, snowfall in a second- April to 0.707 by mid-July (Fig.6). Meltwater production
order role of modulating albedo sensitivity Tg;. The value  and extent according to spaceborne passive microwave re-
of ateedbacka DECOMES increasingly clear throughout the re- mote sensing generally peak in JuMdte, 2007), when T
mainder of this paper. reaches its annual maximum. As the melt season ends, snow
Freshly fallen snow under clear skies has an albedo ofaccumulation brightens the surface. Yet, because of extreme
~0.84 Konzelmann and Ohmurd 995, progressively re- 2010 melt and little snow accumulation during the melt sea-
ducing during the sunlit (warm) season as a consequence cfon (Tedesco et a12011) and afterward, the ice sheet albedo
ice grain growth, resulting in a self-amplifying albedo de- remained more thans2below the 2000—2011 average much
crease. The complete melting of the winter snow accumulaof September and October. However, albedo measurements
tion on ice sheets at the low elevations exposes underlyingver Greenland after August have increasingly low accuracy
glacier ice in the ablation area. In this region, the albedo ofconfidence since the solar zenith angle increases high during
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the non-melt season months at these latitudes. Still, in the fol2007 Tedescp2007), declining albedo trends are observed
lowing year, June and July 2011 ice sheet albedo reached itsonsistently in individual months (Table 1).
lowest observed values despite temperatures being on aver- The time series at the Summit AWS is valuable to vali-
age lower than in 2010, suggesting a progressive multi-yeadate the MOD10AL1 trend for regions of the ice sheet where
albedo decline from albedo feedback. surface melting is not observed by passive microwave re-
According to linear regression, the ablation area albedamote sensing and, if occurring in contemporary climate, re-
declined from 0.715 in 2000 to 0.632 in 2011 (time correla- mains rare. At Summit, the declining albedo trend magni-
tion=—0.805, 1- p = 0.999). The change{0.083) ismore  tudes among GC-Net and MOD10AL1 results for individual
than two times the absolute albedo RMS err&0(041).  months May-July are consistently negative (Table 1).
Over the accumulation area, the highly linear (time corre- Coherent interannual variability is evident in the correla-
lation=—0.927, 1— p > 0.999) decline from 0.817 to 0.766 tion between synchronous GC-Net and MOD10A1 data, as
(change:—0.051) over the same period is larger than &f characterized by correlation coefficients above 0.7 in 16 of 25
the regression residuals and also exceeds the absolute albeflr 64 %) cases (Table 1), suggesting that both independent
RMS error. observations capture the same interannual variability. For ex-
ample, in June at JAR1 in the ablation area, the correlation
e is 0.938. At Saddle where there is little to no evidence of
4.2 Albedo trend verification surface melting in June, the correlation is 0.919.
Degrading MODIS instrument sensitivity identifiedWang 4.3 Regional albedo trends
et al. (2012 introduces the possibility that the declining
albedo trends may be erroneous. To validate the MODISRegionally, the albedo decline in recent years is greatest in
albedo trends, coinciding observations from GC-Net AWSthe ablation area (Figia). Large-scale albedo decline is ev-
are examined. The ground truth data are situated acrosslent where relatively gradual surface slopes permit wide
a range of elevations, spanning the ablation and accumulaablation areas, hamely the southwest, northwest and north-
tion areas. east regions. A decreasing duration of snow cover over low
Analysis of the GC-Net data confirms declining albedo albedo glacier ice and an expansion of the bare ice area are
trends in the 2000-2010 period to be widespread in individ-observed especially over the southwestern ice sheet ablation
ual months from May—September. Trend statistics are comarea Tedesco et al2011, van As et al. 2011). For 58 % of
puted where at least 7yr of annual data are available fronthe ice sheet area, the 12-yr albedo change exceeds the abso-
both GC-Net and MODIS Terra. Significance is designatediute albedo RMS error of 0.041. Over 87 % of the area, the
here more strictly where the trend measured by the linear reehange exceedsf the regression residuals. Averaged over
gression slope has a magnitude that exceedsf2he resid-  the accumulation area, the albedo decrea€e(d51) exceeds
uals from the regression. In 41 of 43 (95 %) of monthly casesthe absolute uncertainty. The residuals to the linear fit for
May-September, the trend is found to be significant and dethe accumulation area are smalb(% 0.006), indicating a
creasing (Table 1). In 10 of 14 (71 %) cases, for which bothhighly linear declining trend. In the 62 10° km? area above
GC-Net and MOD10AL1 trends are significant, the GC-Net 2500 m where surface melting has not been detected by pas-
declining trend is larger than the MOD10AL1 trend. It there- sive microwave melt retrievals, an albedo decreas®@40)
fore does not seem that MODIS sensor degradation is enis also evident, from 0.842 in year 2000 to 0.803 in 2011
hancing an existing trend. (time correlation= —0.915, 1— p > 0.999), suggesting that
It seems improbable that degradation of the GC-Net pho-the albedo decline is not only driven by active melting but by
toelectric diode pyranometers produces an erroneous declirenhanced grain metamorphism.
ing albedo trend. If both upward and downward facing sen- The 2000-201% | change is marked by an increase over
sors degrade at the same rate, the albedo would not changehe northwestern ice sheet and to a lesser extent over the
time due to progressive sensor bias. An erroneous decliningouthwestern ice sheet (Figh). A decreasing | trend is
trend would require that the downward facing pyranometerevident over the eastern ice sheet.
degrades faster than the upward facing pyranometer. If the The 12-yr change in June—-August (JJ®), and albedo
degradation is increased by exposure to sunlight as it is with{(Fig. 7a,b) is associated with an increase in solar absorption
optical black lacquer pyranometers, then the upward pyraover the ablation area by 4610'8J (or 45 exajoules). Us-
nometer would be expected to degrade faster, introducing aing passive microwave melt days to partition this energy us-
erroneousncreasingalbedo trend. We observe the opposite. ing melt duration, the linear regression change indicates an
The largest magnitude declining albedo trends are evidenadditional 24 EJ is sunk into melting in 2011 compared with
at the sites located in the ablation zone such as JAR1 an@000, equivalent with a 72 Gt increase in melt water produc-
Swiss Camp. In the more southerly yet relatively high el- tion over the period. According to total energy budget clo-
evation sites of Saddle and South Dome where melting issure simulated by MAR, increased absorbed solar radiation
uncommon in passive microwave observations (#gte, accounts for 85 % of this melt increase from 331 Gt in 2000
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Table 1. Comparison of albedo trends in MODIS MOD10A1 and GC-Net observations for statistically significant cases.

Month  GC-Net Site  Albedo Data  Albedo Trend, Nbr GC-Netvs. MODIS
Source decadet  Years correlation
May Summit GC-NET —0.026 11 0.649
Summit MOD10A1 -0.028 11
Tunu-N MOD10A1 —0.033 11
DYE-2 GC-NET —0.034 9 0.888
DYE-2 MOD10A1 —0.030 9
Saddle GC-NET —0.040 11 0.733
Saddle MOD10A1 —0.030 11
NASA-E MOD10A1 —-0.035 9
NASA-SE MOD10A1 -0.027 8
JAR2 GC-NET -0.188 8 0.826
Jun CP1 GC-NET +0.076 7 —0.036
Summit GC-NET —0.026 10 0.768
Summit MOD10A1 -0.023 10
Tunu-N GC-NET +0.022 8 —0.452
DYE-2 GC-NET —0.044 8 0.820
DYE-2 MOD10A1 —0.040 8
JAR1 GC-NET —0.268 9 0.938
Saddle GC-NET —0.048 8 0.919
Saddle MOD10A1 —0.032 8
JAR2 GC-NET —0.089 9 0.783
Jul Swiss Camp GC-NET —-0.134 8 0.907
Swiss Camp MOD10A1l -0.161 8
CP1 MOD10A1 —0.049 8
Summit GC-NET -0.031 10 0.695
Summit MOD10A1 -0.031 10
DYE-2 GC-NET —0.054 7 0.790
JAR1 GC-NET —0.343 10 0.948
Saddle GC-NET —0.066 9 0.876
Saddle MOD10A1 —0.050 9
South Dome  GC-NET -0.075 7 0.772
South Dome MOD10A1 —0.041 7
NASA-SE GC-NET -0.071 7 0.787
NASA-SE MOD10A1 —0.051 7
JAR2 MOD10A1 —0.070 9
Aug Swiss Camp GC-NET —0.198 7 0.869
Swiss Camp MOD10A1l —0.293 7
DYE-2 GC-NET —0.053 7 0.843
JAR1 GC-NET -0.239 11 0.693
JAR1 MOD10A1 —0.288 11
JAR2 MOD10A1 —0.097 9
Sep Summit GC-NET —0.055 8 0.220
JAR1 GC-NET —0.369 9 0.491
JAR2 GC-NET —-0.133 9 0.622

829

to 416 Gt in 2011. Also according to MAR, June—August is In the accumulation area, despite higher overall albedo
when 93 % of the total annual melting occurs. From this, it than the ablation area, the 4.3 times larger area and higher
is possible to conclude that positive feedback prevailing overS | resulted in it absorbing three times more solar energy.
the ablation area accounts for 81 % of the increase in mellvet, because accumulation area melting-i8 times less in
rates. Before examining the albedo feedback amplificatiortime duration according to passive microwave, most of this
of melt further, implications of the radiation budget changesadditional absorbed solar energy is used not in melting but
and causal factors are presented. in snowpack heating. In an example with realistic boundary
conditions, the additional 148 EJ solar energy is sufficient to
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Fig. 7. (2) Summer (June—August) spatial patterns MODIS MOD10A1 5km albedo temporal change 2000-2011 derived from the linear
regression(b) Summer change in MAR downward shortwave simulations calibrated using GC-Net AWS data.

completely erode the “cold content” of the 1.494.0° km?
accumulation area to a depth of 14 cm, assuming its temper-
ature, density, and specific heat to b&0°C, 360 kg n73,

and 2110 J kg! K1, respectively. MAR simulates an annual
averageTyr of —24°C, and JJA average accumulation area
surface skin temperatu(@syriace is —10°C. The subsurface
temperature should be between these two temperatures. GCTS
Net observations confirm that the average temperature of the N

Anomalies

top snow layer is somewhat lower thar10°C in the accu- }3
mulation area during summer. ~§
3
4.4 Important role of NAO in 2000-2011 surface a
climate trends
During summers 2007-2011, the JJA NAO index (data from 1950 1960 1970 1980 1990 2000 2010

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/

pna/new.nao.shtjl has exhibited a persistent negative Fig. 8. Summer NAO index anomalies standardized relative to

attern. with anomalouslv hiah sea level pressure centere 970-1999 baseline, indicating an anomalous and persistent nega-
P ' y hig P Ive pattern 2007—2011. The black bars indicate June—August av-

over Greenland. The 2011 summer average NAO Ir]d@%rages of monthly anomalies. The grey line represents an 11-yr
anomaly was 24 below the 1970-1999 average (FB). 4, Gaussian running average that becomes increasingly a leading
Consequently, the 2011 atmospheric flow was Charac'[er'ze@tralllng) average as the beginning (end) point of the time series is
by warm air advection from the south along the western icereached, respectively.

sheet (Fig9). The persistence of this pattern 2007-2011 is

without precedent in the period of record since 1950. The

circulation anomaly led to more anticyclonic circulation, The MAR simulations reveal a set of inter-related and
with less summer snowfall and larg&r] than normal over statistically significant ice sheet surface climate trends in
the southern portion of the ice sheet, allowing albedo tothe 2000-2011 period occurring in response to the persis-
remain low during the peak | period of the summer. Under tent anomalous circulation (Fi@). Over both the ablation
this circulation regime, numerous ice sheet melting recordsand accumulation areas,|, Tajr, andSpet and thus melting
were set Fettweis et al.20119. increased significantly in response to significant decreases
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Table 2. Ice sheet summer (June—August) surface climate variability 20002011 from the MAR regional climate model and MODIS
MOD10A1 data partitioned among ablation and accumulation areas by annual surface mass balance.

Ablation Area Accumulation Area

Parameter Units Average Linear change St.dev. Average Linear change St. dev.
of average residuals of average residuals
Tair °C -1.6 0.5 0.4 —8.8 0.5 0.5
Snow mmw.e. 15.9 —-6.9 21 28.2 —-7.3 3.4
Rain mmw.e. 39.3 —-104 10.4 6.0 -2 15
Rain/Snow none 25 0.4 0.7 0.2 0.0 0.0
S wm—2 280.9 5.4 3.8 296.3 3.4 3.0
Snet Wm~2 110.8 11.0 7.4 60.5 2.3 1.6
L] wm—2 242.1 -13 35 209.4 0.6 4.1
Lnet wm—2 —64.6 2.7 3.1 —61.0 -15 21
Sy+L wm~2 523.0 4.2 1.5 505.8 4.0 1.9
Rnet Wm—2 46.2 8.3 62 -05 0.8 0.7
OsH wm—2 17.7 3.2 21 5.0 0.1 0.5
OLH wm—2 —4.5 0.3 0.8 —0.6 0.1 0.2
OsH+ OlH Wm2 13.1 3.4 1.9 4.4 0.2 0.4
OMOD10A1 none 0.673 —0.091 0.021 0.809 —0.046 0.006
Melt mmw.e. 1257.9 261.5 158.0 123.9 18.1 18.2

in snowfall and albedo (Table 2). Th#| increase is con-
sistent with theL | decrease given their highly significant
(1—p = 0.999) inverse correlation{0.845). The sumoL. |
ands |, (Rnep increasedQsy increased while less negative
Q.4 indicates less evaporative heat sink. The ratio of rain to
snow increased over the ablation area, though not larger that
1o of the regression residuals.

The signal of increased snowfall with increasifig over
the accumulation area (Fi@0a) is related to climatic warm-
ing enhancement of ocean evaporation and moisture carry:
ing capacity of the air, leading to higher moisture transport
inland over the ice sheet and, consequently, higher precip-
itation (Fettweis et al.2011b. The relative dominance of
cyclonic or anticyclonic conditions impacts the precipita-
tion amount independently of temperature. Over the ablation

58°N

area, there is a negative correlation between snowfallignd e e . BB

JJA Z500 over 2000-2006 in respect to 1970-1999 JJA Z500 over 2007-2011 in respect to 1970-1999

T 1T T T T T T T T
-40  -20 0 20 40 60 80 100

anomalies, because MAR simulates more of the precipita-
tion falling as rain instead of snow in relatively warm sum-
mers. Similar to the positivéy correlation with snowfall
(Fig. 10a), warm years are associated with more rainfall overrig. 9. The geopotential height anomalies for JJA 2000-2006
the ice sheet. Rainfall is confirmed to occur on the ice sheet(a) and 2007-2011b) (referenced to the 1970-1999 average) at
Using a Nipher shielded gauge, J. Box measured 5cm rain500 hPa from the NCEP/NCAR Reanalysis. The blue and respec-
fall in a single 24 h period in June 1998 at Swiss Camp lo-tively magenta lines illustrate the JJA average geopotential height
cated at 1150 m along the western slope of the ice sheet. Th& 500 hPa in 2000-2006 and 2007-2011 and over 1970-1999. The
signal of increased rainfall with increasirfg, is expected ~ arows show the direction of the prevailing flow.

because, as air warms, the fraction of precipitation falling as
rain will increase (FiglOb). MAR simulations reveal the im-
portant role of summer snowfall on increasing surface albed
over the ablation area (Fig.1a). Note positive correlation
dominating in the ablation area. Thus, especially in 2009—
2011 summers, modulated by persistent negative NAO index

-100 -80 -60

inducing dominance of anticyclonic conditions), the albedo
eedback could be maximized.
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Fig. 10. (a)Summer (June—August) spatial patterns of the correlation between 5 km resampled MAR snowfall and 3 m surface air temperature
data.(b) Same as left but with MAR rainfall instead of snowfall. Values where simulated rainfall is less than 5 mm are excluded, because in
this limit the values are highly uncertain. The regression variables are first temporally detrended to minimize spurious correlation.
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Fig. 11. (a)Summer (June—August) spatial patterns of the correlation between 5 km averaged MODIS MOD10AL1 albedo and 25 km averaged
MAR snowfall data(b) Summer (June—August) spatial patterns of the correlation between 5km averaged MODIS MOD10A1 albedo and 25
km averaged MAR MART;, data.
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darkening sensitivity toZ,y), between—-11%K-! and
—15%K1, is found along the southwestern ablation area,
immediately below the equilibrium line altitude observed
to be ~1450m gan de Wal et a).2005 where the sea-
sonal snow cover, once ablated, reveals a darker underlying
bare and often impurity-richNlientjes and Oerleman2010

solid ice surface. Areas of negatiu¢ are widespread with
trends at or above 80% confidence. Consistent with find-
ings for the terrestrial environmer®( and Hall 2007, the
strength of albedo feedback is determined more by the sur-
face albedo decrease associated with a loss of seasonal snow
cover than the reduction in snow albedo due to snow meta-
morphosis because of the large difference between snow and

W m=* K" bare ice albedo values.
48. The opposite pattern, positive®, is found over 46 % of
40. the accumulation area (pink or red areas in ERp) (see also
gi: Fig.11b pink and red areas), indicating that the accumulation
16. area gains in brightness in warmer years. Again, the posi-
8.0 tive albedo correlation withlyjr, while counterintuitive, as a
_g:g second-order process is consistent with a MAR-simulated in-
Uk Aloed —16. cregs_ed snowfall in anomalously warm summers (Fag).
June oAuoust :gg Positivex* that exceeds 80 % confidence occurs over 11 % of
2000-2011 40 the accumulation area. At or above 95 % confidence, that area

—48. fraction is 3 %. Peak positive* (4+0.05% K1) is found on
the central eastern ice sheet (coordinates5°68, 35.6° W)
Fig. 12. Summer (JJA) spatial patterns of bulk albedo feed- gt~ 1530 m elevation.
back defined by the temporal trend X Snet ATyjr using MODIS When MAR Ty are replaced with clear-sky retrieved
MOD10A1 albedo data and calibrated MAR simulationsdf and MODIS MOD11A1 Tsurtace the positive (and negative)*
surface

Tair. regions are of smaller magnitude. Though 22 % of the accu-
mulation area still registers positive® values, the high un-
certainty of the associated shallow trend is necessary to ac-

4.5 Ice sheet albedo sensitivity to surface air knowledge. Usindsurace ONly 5 % of the accumulation area

temperature hasa* values above +0.3% K2, For two reasons,faceiS
less sensitive to positive thermal perturbations than the all-
Bulk albedo feedback is positive over 96 % of the ice sheetsky Ty data: (1)Tsurface Variability near and above @ is
and concentrated in the ablation area (Fig) where the  capped by the latent heat sink of melting; and (2) compar-
albedo decline is greatest (Figa). The bulk feedback cal- isons with GC-Net AWS indicate that MODIS MOD11A1
culation blows up whereA Ty, approaches zero. Negative TsyrfacelS consistently lower thafajr. TsyrfacelS more repre-
Qfeedback IS WhereA Ty is negative. Whileveedbacko IS USe-  sentative of cold perturbations to the surface, because, when
ful to illustrate the long-term change in net shortwave flux Tgyraceis retrieved by MODIS, the sky must be clear. Clear
versusTyr, the alternative formulation that uses paired inter- sky conditions are more often associated with surface radia-
annual anomalies (see Fi).reveals an interplay of physical tive cooling than all-sky conditions. Using MARy;; instead
mechanisms. of the Tsyrface roughly twice, or 46 % (25 %) of the accumu-
Over of the ablation area, the 2000-2011 albedo anomalation area, registers values above 0.0 %4 K+0.3 % K1),
lies exhibit a negative correlation with tHey;, anomalies respectively.
(Fig. 11b), suggesting that, in anomalously warm period In the lowest~ 600 m elevation of the southwestern ab-
years, the ice sheet albedo is anomalously low. In contrastation arean* is less because the glacier ice surface is al-
a positive correlation is evident over much of the higher el-ready somewhat exposed at melt onset, because snow cover
evation accumulation area, suggesting that, during anomais thin (< 0.3 m) {an den Broeke et al2008. Further, for
lously warm periods, the albedoncreasesWhile a positive  an unknown reason, unlike the mid to upper ablation area,
a* may be counterintuitive, its realism as a second-order pro-impurities concentratbelowthe surface in the lower abla-
cess is consistent with the positive correlation signal betweertion area {Vientjes and Oerleman2010. Consequently, the
anomalies irf,ir and snowfall (Figl10a). lowest quarter of the ablation area does not produce as large
Negative albedo sensitivity is concentrated over the ab-an albedo change from pre-melt to mid-summer when snow
lation area (Fig.13a). The strongest negativwe* (albedo cover is completely ablated.
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Fig. 13. (a) Summer (JJA) spatial patterns of MODIS MOD10A1 albedo sensitivity to the MAR-simulated surface air temperature. The
positive scale is one-fifth that of the negative scélly. Summer spatial patterns of ice sheet albedo feedback based on MODIS albedo
observations and calibrated MAR simulations$of, and 7j;. The negative albedo feedback scale is one-third that of the positive scale.

The regressions are detrended to minimize spurious correlation. Stippled areas have trends that are not statistically significant above 80 %
confidence.

Averaged over the ablation ares* is —3.4%K™! (Ta- Table 3.Magnitude of albedo-temperature sensitivity and net short-
ble 3). Over the accumulation areg,averages-0.2 % K1, wave flux (insolation) feedback for different ice sheet surface mass
Over the upper accumulation area, defined where elevabalance regions.
tion exceeds 2500 ny* averages a slightly positive value,

102%K™1L. Metric Abl. Accum.  Accum. area, Units
area area above 2500 m
4.6 Ice sheet albedo feedback o _34 _02 102 %K1
. ) ®feedbacka +8.3 —-04 —14 Wm2k-1
The June—August ice sheet albedo feedback F4thands | dfeedbacky  +50.1 1182 4104 Wm2K-1

is positive over the ice sheet ablation area (Higp). Peak

anomaly-derived feedback values of abavés W m2 K1

occur in the darkest parts of the ablation area, where sur-, . - N . .
. : e clusion of statistically significant association is robust, albeit

face concentration of impurities is greatest and the ear- . :

. : . . over 9 % of the accumulation area. Peak negative feedback

lier ablation of winter snow produces a maximum albedo o1 "

. . . —15Wm“K™) occurs at the same position as the peak
reduction. Averaged regionally, the southwestern ice shee{ ositivea*
has medianyfeedbacka Values peaking at-25Wnr?2K—1 P '

. : Averaged over the ice sheet, the transition from positive to
at an elevation of 1250 m. Averaged over the ablation area . .
. o1 hegative albedo feedback occurs at an elevation of 1500 m.
Qfeedbacka 1S +8.3Wm <K~ (Table 3). Over the accu-

; . . : Positive (negative) feedback is not confined exclusively to
mulation area,ofeedbacka is slightly negative on average the (accumulation) ablation area, respectively. Rather, the
(—0.4Wm=2K~1) (Table 3). The negative feedback sig- - TesP y ’

nal is stronger £1.4Wm-2K-1) above 2500m elevation 'C9'M€S overlap in elevation (Fig4).
in the “dry snow zone”. Negative albedo feedback that ex-

ceeds 80% confidence occurs over 26 % of the accumula-

tion area. At or above 95 % confidence, that area fraction is

9%. Given that this fraction exceeds the statistical Type-1

error margin (20 % or 5%, respectively), by nearly a factor

of 2 in the case of the trends at 95% confidence, the con-
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5 Conclusions :

" Negative Feedback E
5.1 MAR accuracy 400¢ egative feedasac :
The observationally constrained MAR simulations compare
favorably with surface observations from AWS with RMS ~_ 390¢
error values for downward solar irradiance of 5% arfC1 8
for surface air temperature, respectively. High correlation § b
with the AWS data at monthly time scale justified applying ‘E 200
regression-based calibrations to improve the absolute accu :
racy of the MAR data. 100F "
5.2 MAR climate insights -

[l

0 e 1 1 1 1

After a small calibration based_on GC-Net AWS d_ata, sum- 0 500 1000 1500 2000 2500 S000

mer averagelyjr over the ablation and accumulation areas Elevation, m

increased significantly, by 0°%&. Meanwhile,S | also in-

creased significantly over the much of the ice sheet. The raifFig. 14. Elevational histograms of temporally detrended albedo

to snowfall ratio increased over the ablation area. feedback for the whole ice sheet for 5km grid cells used in this
study.

5.3 Albedo data validation

According to a cross validation with independent GC-Net5.4 Albedo decline
AWS data, degrading MODIS instrument sensitivity iden-
tified by Wang et al.(2012 is not here detected in the MODIS MOD10A1 albedo data indicate a significant ice
MOD10A1 product. sheet areal-averaged albedo declin®.056+ 0.007) in the
Analysis of the AWS data reveals declining albedo trendsJune—-August period over the 12 melt seasons spanning
in the 2000-2010 period to be widespread in individual 2000-2011. The albedo decline is the largest in magnitude
months from May—September. In 41 of 43 (95 %) of monthly over the ablation area-0.091+0.021 on average) where
cases May—September, a decreasing trend is found to eXpare ice area is increasingly exposed and earlier in the melt
ceed 2 of the regression residuals. In 10 of 14 (71 %) casesperiod after winter seasonal snow cover ablates reveal a
for which both GC-Net and MOD10AL1 trends are signif- darker glacier ice surface with abundant impurities. A signif-
icant, the GC-Net declining trend is even larger than theicant albedo decline of 0.0460.006 in the 2000-2011 pe-
MOD10A1 trend. riod from a year 2000 value of 0.830 is observed for the accu-
We have thus ruled out that degradation of the GC-Netmulation area, where warming surface temperatures are en-
photoelectric diode pyranometers produces an erroneous déancing snow grain metamorphosis. Reduced summer snow-
clining albedo trend. fall rates sustained low albedo, maximizing surface solar
The coherent interannual variability evident in the correla- heating, progressively lowering albedo over multiple years.
tion between synchronous GC-Net and MOD10A1 data sug-The albedo declines exceed the absolute RMS error found to
gests that at monthly time scales both observations capturge 0.041 using AWS data on the seasonal time scale.
the same climate signal. Year 2011 albedo over the Greenland ice sheet is the low-
At the GC-Net Summit AWS where surface melting is not est observed in the 12 years since MODIS observations be-
detected by passive microwave remote sensing, the declirgan 5 March, 2000. As in year 2010, 2011 albedos are more
ing albedo trend magnitudes among GC-Net and MOD10A1than I below the 2000-2011 average.
results for individual months May—-July are consistently neg-
ative. 5.5 Albedo sensitivity to temperature
Consistent with the MOD10A1 result, the largest magni- . . .
tude declining albedo trends are evident at the sites located iner the ablation area, the albedo sensitivity to surface air

-1
the ablation zone such as JAR1 and Swiss Camp. Similarl)}emperature reaches peak values—df2 % K™ range over

consistent among these independent albedo change resulfg,e southwestern ice sheet ablation area just below equilib-

declining albedo trends are observed consistently in individ—(rj'uf;n I'gedalt'ltt?d; atan ellt_avatlon Oft1350 mt T(Iempodral!y i
ual months at the more southerly yet relatively high elevation etrended albedo anomalies correiate positively and signiti-
sites of Saddle and South Dome where melting is uncommor?antly with snowfall rates. Thus, higher ablation area albedo
in passive microwave observations is associated, not surprisingly, with higher summer snowfall

rates.
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When MODIS MOD11A1 land surface temperature dataity to maintain sub-freezing temperatures. Indeed, during the
are used to evaluate temperature sensitivity, as an alternatiyeeriod of this study, the surface radiation budget increased
to near-surface air temperature data from MAR, a weaker redespite the damping effect of the negative feedback.
sponse is evident. Surface temperature variability represents Positive albedo feedback prevailing over the ablation area
relatively low surface and air temperature clear sky condi-accounts for more than half of the increased melt in that re-
tions. Further, surface temperature is capped near and abowgon in the last 2 yr (2010 and 2011). However, without these
0°C. We thus conclude that surface temperature data are lega/o extreme years, it would not be clear whether albedo feed-
desirable for the assessment of albedo sensitivity than all-skpack played an increased role. What sets 2010 and 2011 apart
near-surface air temperature data provided by in-situ obserfrom previous years is the albedo response to the combined

vations or calibrated regional climate model output. effect of reduced summer snowfall and sensible heat import
from warm air advection triggered by persistent anomalous
5.6 Albedo feedback atmospheric circulation.

The negative feedback we have identified is found in

Downward solar irradiance combined with albedo anomaly space. While there can be no doubt that the strong
temperature-sensitivity data provides a quantitative astnegative albedo sensitivity found in the ablation area, when
sessment of the albedo feedback that is intrinsic to thecombined with downward shortwave data, produces a high
data. correlation and spatially coherent region of “positive feed-

Peak albedo feedback values are positive and prevail ovelback”, the much shallower trend in the accumulation area
the ablation area (values exceedin§0 W m 2K 1) where,  is no doubt less intuitive. Yet, given the positive accumu-
for example, melt seasons marked by abnormally high aidation area correlation between snowfall and temperature, a
surface temperature are characterized by an earlier loss gfhysical mechanism is available to explain this second-order
high albedo cold season accumulated snow, exposing for damping, without which complete melting over the entire
longer period a relatively dark and impurity rich bare ice ice sheet surface may already be observed. The significance
surface, amplifying melt volume. Averaged over the ablationtesting yields some confidence that the second-order damp-
area, the feedback exhibits a valued.3 W m—2K~1 when ing feedback evident over the accumulation area is real. The
defined using the regression of interannual paired albedo andamping feedback is not preventing the accumulation area
net shortwave anomalies. Averaged over the accumulatiomet radiation from approaching positive values. The accu-
area, the feedback exhibits a valuejof- 0.4Wm—2K~1, mulation area negative albedo anomaly feedback is clearly

When the feedback is defined usirgne seriesin- not strong enough to fully damp out the effects of warming.
stead of interannual anomalies, an ablation area average dtere is an overall albedo decline. Yet, hidden in the interan-
+50.1Wm~2K~1is evident. By thisoulk albedo feedback, nual anomalies is evidence of this damping feedback.
the accumulation area average4482Wm 2K~ The
more positive values are the result of this metric being les.7 Summer NAO importance

sensitive to the tendency of increased snowfall variability to ] ) ) )
limit absorbed solar radiation in anomalously warm years.A Persistent negative summer NAO index in the 2000s has

This effect is pronounced over the upper accumulation areaPromoted along western Greenland a chain reaction of feed-
ak.a. the “dry snow zone”, wheneegativefeedback val- backs. Three key mechanlsms'emerge .that amplify melting:
ues exceeding 10 W 2K~ are evident. The bulk albedo (1) increased warm (south) air advection along the west-

feedback necessarily includes negative values where tempefn iC€ sheet increases downward sensible heating. In turn,
ature trends are negative. The bulk albedo feedback shoul§10W metamorphism increases ice grain radii, reducing sur-

also be negative in situations where there is albedo increasice albedo. For areas where the surface is melting, increased

in the presence of increasing temperature trend. liquid water content further reduces the albedo; (2) clear
Evidence of a second-order accumulation area negativéky conditions favored by anomalously high surface pressure

feedback is supported by observation of a positive correlaPromote reduced cloudiness. In turn, diabatic heating by
tion between snowfall and surface air temperature anomalS Incréased and (3) reduced summer snowfall precipitation
lies in this region. A tendency toward negative feedback in-Promotes continued snow metamorphosis, keeping the sur-
dicates the damping effect of increased snowfall (increased@ce in a darkened state and, in low accumulation areas, pre-
albedo) on melt, ironically in anomalously warmer years thatconditioning the following melt season for enhanced melting.

have higher precipitation potential from increased evapora/\l three mechanisms work together in a complex feedback

tion from oceans. As a result of surface brightening result-"évealed by examination of surface energy budget shifts in
ing from increased snowfall, the accumulation area negativd€SPONse to atmospheric circulation.

albedo feedback is important in maintaining the ice sheet.

Competing factors such as a more positive surface radiation

balance or increased sensible heat import by advection even-

tually will overwhelm the negative albedo feedback’s abil-
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5.8 Accumulation area radiation budget shift Bamber, J. L., Layberry, R. L. and Gogineni, S.: A new ice thickness
and bed data set for the Greenland ice sheet 1. Measurement,
In the 12yr beginning in 2000, the reduced albedo com- datareduction, and errors, J. Geophys. Res.-Atmos., 106, 33773—
bined with a significant increase in downward solar irra- 33780,d0i:10.1029/2001jd900052001.
diance yielded an accumulation area net radiation increasB29dild, C. E., Brandt, R. E., Brown, K. J., and Warren, S. G.: The
from —0.9 to —0.2 W m—2. Another similar decade may be ablation zone in Northeast Greenland: ice types, albedos and im-
sufficient to shift the average summer accumulation area, p“;'t'gs_'l;]'l(;'?'o"vf?& ,101]113' 2010. he Arctic
radiation budget from negative to positive, resulting in an 5% J- E.: Polar day effective cloud opacity in the Arctic from mea-
abrupt ice sheet melt area increase. The ice sheet mass bud_sured and modeled solar radiation fluxes, MA thesis, University
é)f' it is theref d ’ L of Colorado, Boulder, Colorado, 1997.

get. e ICIt. is therefore expeqte to'become more sensitives,. 3 £ Bromwich, D. H. Veenhuis, B. A. Bai, L.-S.,
to increasing temperatures via the_ ice albedo_ _feedback, €S- stroeve, J. C., Rogers, J. C., and Wang, S.-H.: Greenland
pecially in negative summer NAO Inde_x conditions. F_uture ice sheet surface mass balance variability (1988—-2004) from
work should therefore be concerned with understanding po- calibrated polar MM5 output, J. Climate, 19(12), 2783-2800,
tential tipping points in ice sheet melt regime as the aver- doi:10.1175/jcli3738.12006.
age radiation budget shifts from negative (cooling) to posi-van den Broeke, M., van As, D., Reijmer, C., and van de Wal, R.:
tive (heating), as it seems the threshold of this has just been Assessing and improving the quality of unattended radiation ob-
reached. It will take some time, perhaps years, for the cold servations in Antarctica, J. Atmos. Ocean. Tech., 21, 1417-1431,
content of the firn to be sufficiently eroded to allow contin- 28510'1175/ 1520-0426(2004)021417:aaitqe-2.0.c0;2
uous summer melting and an ice sheet surface characterized :

. van den Broeke, M., Smeets, P., Ettema, J., van der Veen, C.,
by 100 % melt extent. Further warming would only hasten

h lificati f melti hat the al p K . van de Wal, R., and Oerlemans, J.: Partitioning of melt energy
the amplification of melting that the albedo feedback permits. and meltwater fluxes in the ablation zone of the west Green-

land ice sheet, The Cryosphere, 2, 179-18%;10.5194/tc-2-
179-2008 2008.
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