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Abstract. Since 2007, there has been a series of surfacdNAO through this century, we cannot exclude the possibility
melt records over the Greenland ice sheet (GrlS), continuthat the observed NAO changes are due to global warming.
ing the trend towards increased melt observed since the end
of the 1990s. The last two decades are characterized by an

increase of negative phases of the North Atlantic Oscilla-1 |ntroduction

tion (NAO) favouring warmer and drier summers than nor-

mal over GrlS. In this context, we use a circulation type clas-Since 2007, a succession of summers with record surface
sification based on daily 500 hPa geopotential height to evalmelt rates has been observed over the Greenland ice sheet
uate the role of atmospheric dynamics in this surface mel{GrIS) (Tedesco et al.2008ab, 2011, 2012 Rignot et al,
acceleration for the last two decades. Due to the lack of di-2011; Box et al, 2012 Hanna et al.2012), coinciding with

rect observations, the interannual melt variability is gaugedminimums in the Arctic sea ice coveBé¢rreze et al2007

here by the summer (June—July—August) mean temperatur€omiso et al. 2008. Except for 2009, the surface melt
from reanalyses at 700 hPa over Greenland; analogous atmever 2007-2012 summers is unprecedented in the last 50 yr
spheric circulations in the past show that0 % of the 1993—  reanalysis-forced reconstructionsag den Broeke et al.
2012 warming at 700 hPa over Greenland has been driven bg009 Fettweis et al.2011h Tedesco et al.2011 2012.
changes in the atmospheric flow frequencies. Indeed, the oRecent melt records agree with a trend of increased melt
currence of anticyclones centred over the GrIS at the surover the GrlS, which has been observed since the end of
face and at 500 hPa has doubled since the end of 1990#he 1990sote, 2007 Fettweis et al.2011 and attributed
which induces more frequent southerly warm air advectionto increased atmospheric greenhouse gas concentrigon (
along the western Greenland coast and over the neighboutweis 2007 Hanna et a.2008. This trend has also been ob-

ing Canadian Arctic Archipelago (CAA). These changes inserved in the Canadian Arctic Archipelago (CAA) where the
the NAO modes explain also why no significant warming 2005-2009 melt was four times greater than the 19952000
has been observed these last summers over Svalbard, whetigean Gardner et a).2011, Sharp et al.2011, Fisher et al.
northerly atmospheric flows are twice as frequent as before2012. But, no significant warming has been observed since
Therefore, the recent warmer summers over GriS and CAA2004 over Svalbard located 500 km to the east of the GrIS.
cannot be considered as a long-term climate warming bufAs a result, the increased mass loss rate observed from 1996
are more a consequence of NAO variability affecting atmo-(Bamber et al.2005 was no longer observed after 2004,
spheric heat transport. Although no global model from theand more recent Svalbard elevation change has been closer
CMIPS database projects subsequent significant changes i zero Moholdt et al, 2010.
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The 2007-2012 warming recently observed over the GrlS+ s,
did not occur everywhere in the Arctic because it was g 2o
mainly driven by anomalies in the atmospheric dynamics lo-§ *-° 7
cally impacting the heat transpomifte, 1998 Graversen

et al, 2008. These general circulation anomalies come from
changes in the North Atlantic Oscillation (NAO) variability
as pointed out bZhylek et al(2004), Fettweis et al(20113,
Box et al.(2012 andHanna et al(2012. Indeed, the last
six summers were characterized by persistent negative NA
modes, favouring warmer and more anticyclonic (drier) con- :
ditions than normal over the Gri86x et al, 2012 Hanna
et al, 2012 but, conversely, by normal conditions over Sval- 1980 1970 | 1980 1990 | 2000 2010
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Therefore, in this paper we evaluate the role of the atmo- ;s
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spheric dynamics in the 1993-2012 melt increase over GrlS < . —

and more generally of the warming of the atmosphere just & s. ?;;\/WA—\MVH T
over the GrIS surface (here at 700 hPa) in summer with the = i :
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help of s 28 1] ——
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culation. This allows us to show the changes in the at-2 y5 1, O e e e S B g

mospheric dynamics explaining the recent melt records -1
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— a flow-analogue method that enables us to estimate the ] A\ \
part of the warming due to changes in atmospheric dy-5 o, i%_\ A, - %\—L/ A Q/ =
namics. This estimation is achieved by reconstructing§ 1.0 | 17005n T;m; V V oo i . glo,;m} \melv r
the climate of the last 20 summers with the help of ana- 1050 o om0 1600 - 2010
logue flows (i.e. similar tropospheric patterns) which
occurred during the 1961-1990 summers (our referencéig. 1. (a) Normalised time series of the annual GriS melt
period). In theory, if we assume that the more recent@mount simulated by MAR (in red) and of the JJA T700 aver-

1993-2012 warming was solely driven by changes inaged over the area covering Greenland (@0< longitude< W
atmospheric circulation, an equivalent warming should 21d 60 N < latitude= 85 N) from the NCEP-NCAR reanalysis (in

be reconstructed by replacing the current daily ClimatebIaCk)' The smoothed lines show the 10-yr running mean of the time

. . series.(b) Normalised time series of the JJA Z500 averaged over
with that taken from the dates of analogous flows in thethe area covering Greenland (in blue), of the JJA SLP (in green),

past. of the Z500 based NAO index (in red) from the Climate Prediction
Center (CPC) of the National Oceanic and Atmospheric Adminis-

. tration (NOAA) and of the SLP-based NAO index (in orange) from
2 The last two decades over Greenland in alonger-term  yhe climate Research Unit (CRU). Here the sign of the NAO in-

perspective dexes time series has been changed to be consistent with the other
time series(c) Evolution (in percentage) of the number of occur-
As shown in Figla, the June—July—August (JJA) meltwater rences of each circulation class shown in Bdor each summer
production over the GrIS has been increasing since 1995 anflom 1958 to 2012. A 10-yr running mean is applied h¢dg Time
is without precedent in 1998, 2003, 2007, 2008, and 2010-series irPC of the JJA T700 averaged over the area covering Green-
2012 compared with the last 50 yr. Over the last 20 yr (1993-and (in black) and of the T700 averaged over the days contained in
2012), the amount of melt has doubled compared with 1961-each type of the CTC. Only 10-yr running means are shown here.
1990. Results from the regional climate model MARe(-  The same figure _using a 3-yr.running mean is provided il_’l the Sup-
tweis et al, 20118 forced by ERA-40 (1958-1978&)ppala plement. Anpmglles are relative to the 19611990 baseline period.
et al, 2005 and ERA-INTERIM (1979-2012Dee et al, (e_) Time series m’_C of the JJA T700 averaged over the area cov-
2011 reanalyses from the European Centre for Mediumermg Greenland (in black), of the analogues-based T700 (in blue)
Range Weather Forecasts (ECMWF) are used here becauand of the analogues-based T700 plus.the anomaly of thg global
g ) . X #finual NCEP-NCAR 2-m-temperature (in red) compared with the
no observations of meltwater production are available at the,gg1_1990 mean.
scale of the whole ice sheet. Only the melt extent can be
derived from satellite Kettweis et al.2011h Hanna et al.
2012 but, while melt extent and meltwater production are

no
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Fig. 2. (2) The JJA T700 changes over 1993-2012 based on a linear regression using the NCEP-NCAR reanalysis. The areas where the
changes are two times above the 1961-1990 JJA T700 standard deviation are Hajchbd.same aga) but derived using the NCEP-
NCAR-based T700 analogues.

highly correlated Fettweis et al.2009, melt extent cannot 20 yr ago. This configuration tends to favour warm air advec-
be used as a direct proxy of meltwater production. Indeed, fotion over the west side of the GrIS due to weaker Icelandic
the same melt extent, the amount of meltwater can be veryows (Fig.2a), as found byHanna et al(2012. Indeed, most
different and depends on the presence and extent of bare ia&f the significant temperature increase has occurred along the
zones (which have a lower albedo and higher melt rate thamvestern coast of Greenland and over the CAA. Along the
melting snow) in the melt area. The ability of MAR to simu- eastern coast, over the adjacent part of the North Atlantic
late the melt extent has been showirettweis et al(2011H. Ocean and over Svalbard, the temperature changes are not

Apart from being affected by the surface albedo or thestatistically significant (Fig2a). This regional disparity of
inertia of the snowpack, the melt amount is driven by thewarming agrees with trends from climate station records pre-
atmospheric temperature and, therefore, the temperature aented byHanna et al(2012).
700hPa (T700) is an excellent proxy for explaining the The Z500, T700, SLP used here come from the NCEP-
melt variability. Indeed, the MAR-based meltwater produc- NCAR reanalysis over 1958-2012. To check the sensitivity
tion variability is highly correlated (correlation coefficient of of our results to the choice of a particular dataset, we pro-
0.93) with JJA T700 from the Reanalysis versionklalnay = duced similar figures to Fig and 3 but this time based
et al, 1996 of the National Centers for Environmental Pre- on the ECMWF ERA-40 (1958-1978) and ERA-INTERIM
diction (NCEP) and the National Center for Atmospheric (1979-2012) reanalyses — see Supplement — although it is
Research (NCAR) averaged over an area covering the Grl®8oted that the ECMWF-based time series (composed of two
(20° W <longitude< 70° W and 60 N < latitude< 85° N). different reanalyses) is not homogeneous. In summer for ex-
Let us remember that MAR is forced by the ECMWF reanal- ample, T700 over GrlIS is lower in ERA-40 than in ERA-
ysis. The correlations are lowek (0.9) for NCEP-NCAR  INTERIM over the common period (1979-200Hettweis
temperatures taken at lower vertical levels than 700 hPaet al, 2012. Such discrepancies impact the analogue-based
Knowing that the temperature in the free atmosphere depend®construction because ERA-40 based T700 is used to recon-
directly on the atmospheric dynamics, we will discuss here-struct the current ERA-INTERIM based T700.
after the recent warming at 700 hPa over Greenland instead
of the surface melt increase itself (see Hig).

In parallel with enhanced melt since the end of the 1990s3 Methodology
we observe an increase of the JJA geopotential height aé
500 hPa (Z500) and the JJA sea level pressure (SLP) over

the GrIS due to the increased occurrence of negative NAGr o automatic CTC method used here is adapted from the
phases in recent summers (see Big). This means that the approach of_und (1963, i.e. our CTC characterises each
atmqspheric dynamics in summer is currently more anticy-pair of days by a similarity index based on the daily Z500
clonic (both at the surface and at 500 hPa) over GrIS tharhng yses it afterwards to group days with similar circulations

1 Circulation type classification
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to three, to distinguish only neutral (i.e. close to the climato-
logical mean), cyclonic and anticyclonic regimes.

3.2 Flow analogues

The flow-analogue method, used here for estimating the JJA
temperature anomalies at 700 hPa induced by the general cir-

Type 1 (49.6%) Type 2 (30.6%) Type 3 (19.6%) culation, is similar to that o¥autard and Yioy(2009), i.e. for
7500 anomaly (m) each JJA day of the 1958-2012 period, flow analogues are se-
e e e — lected in a 30-day window centred on this given day but not

in the same year. This means that the analogues of the 1st of
July 1958 are looked for between the 16 June and the 15 July
from other summers than 1958. As for the CTC, our similar-
ity index (defined in the previous section) is used to select
the most similar Z500 surfaces to a given day. Its value is
chosen to have analogues in at least ten different summers
to avoid an abnormal summer being “described” by another

NAOgpe: +0.030.61  NAOgpe: +0.3840.84  NAOgpe: —0.88+0.56 abnormal summer. Thereby, the analogues properly repre-
T700 anomaly (°C) sent the average climate corresponding to a Z500 surface for
ﬁ ] \1\ ] (\) - 1\ ] ‘é I -3 a given date. With this aim, it is clear that the flow-analogue

method cannot represent exceptional climate anomalies. In
Fig. 3. (Top) The Z500 average over the days categorized into@ddition, since the aim is to estimate the impact of the atmo-
the 3 classes minus the JJA Z500 average over the whole periogpheric dynamics on the last 20 yr melt variability over the
1958-2012. The solid lines (25605500 m) and the dashed lines GrlS, analogues are only taken from the 1961-1990 sum-
(500> 5500 m) denote the Z500 type-average. For each circula-mers. The daily analogue T700 is then defined as the median
tion type, the proportion of days contained in that class comparechf daily T700 from the analogue days. As shown in Table S1
to the 5060 days of the 1958-2012 JJA months is indicated in bracknf the Supplement, our results are not significantly affected
ets. (Bglow) The Iowgr panels show much the same .but for T?OO.by the different parameters fixed in our methodology (i.e.
Th_e daily mean NAO _mdex from CPC when the cc_msndered cireu- using analogues in at least 5 or 15 summers instead of 10;
lation type occurs is listed. Both Z500 and T700 fields come hereZO-day or 40-day window instead of 30-day window: mean
from the NCEP-NCAR reanalysis. . . oo

instead of the median of the analogue T700; daily anoma-

lies instead of raw values; analogues taken in the 1958-2012

(Philipp et al, 2010. In the original classification ofund summers instead of 1961—1990) The uncertainties given in

(1963, the correlation between the SLP surfaces is used tUr Qnalogues-pased results were derived using the different
evaluate the similarity between two days. Here, in view of theconfigurations listed above.

GrlS topography, it is better to use the Z500 surfaces (the ice
sheet top reaches an altitude above that of the 700 hPa preg-
sure plane). The correlation-based index treats two parallel

but distant Z500 surfaces as similar because they have thghe three main atmospheric circulation regimes extracted by
same pattern. However, if the Z500 surfaces are at differenpur CTC are shown in Fig as Z500 anomalies with respect
heights, this means that the temperature of the tropospherg the JJA Z500 mean. As Z500 depends on the atmospheric
below 500 hPa is different. Therefore, these two Z500 surtemperature below 500 hPa, the pattern of the corresponding
faces will not have the same impact on the surface melt and'700 anomalies in each circulation type is obviously cor-
then, they cannot be considered as similar in our case. Hengg|ated to the Z500 one while, as we will show later, T700
our similarity index is as well a function of the euclidean does not drive our CTC. The main circulation types found
distance between the two Z500 surfaces, which giVGS morq;)y our automatic CTC are a type (no. 1) close to the JJA
weight to the height of the Z500 surfaces in our CRét-  climatology induced by neutral NAO conditions; a cyclonic
tweis et al. (20113 showed that the melt variability over the type (no. 2) induced by positive NAO conditions, and an an-
GrlS is driven more by the height of the Z500 surfaces than[icydonic type (no_ 3) gauged by negati\/e NAO phases_ On
their pattern. We refer tBettweis et aI(2011&) for more de- average over the period 1958-2012, Type no. 1 occurs 50 %
tails about our CTC and the choice of our index. The only of the JJA time, while only 20 % of JJA daily circulations at

difference withFettweis et al(201la) is the domain which 500 hPa are classified as anticydonic (Type no. 3)
has been enlarged here to include Svalbard and Ellesmere is-

lands. In addition, the number of circulation types allowed in
our CTC (fixed to eight irFettweis et al.20113 is here set

Changes in atmospheric dynamics
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For the mid-1960s to mid-1990s, both CRU and CPC JJAFor T700 averaged over this area, the correlation with the
NAO indexes are on average positive (see Blg), indicat-  daily analogues-based T700 is 0.86 with a RMSE ofC.2
ing more frequent cyclonic circulations at the expense of an-given that the standard deviation of the daily area-averaged
ticyclonic regimes. Before 1965, slightly negative NAO con- T700 is 2.3 C over 1993-2012. The comparison is worse for
ditions prevailed on average, favouring anticyclonic typesT700 than Z500 since for a same Z500 surface, T700 can be
(see Fig.1c), but those negative NAO phases are insignifi- very different depending on whether there is a low or a high
cant compared with those occurring since 2000. Indeed, ovepressure at the surface and on the temperature gradient in
the last two decades, there has been a significant frequendpe airmass below 500 hPa. In addition, bearing in mind that
increase (from~ 15 % to~ 40 %) of daily circulations clas- the climate is currently warming due to the anthropogenic
sified as anticyclonic Type no. 3. This type favours warmerradiative forcing, the T700 associated with a Z500 surface
conditions over Greenland by advecting warm air massesvas generally lower 20 yr ago than currently (Fig).
along its western coast. However, since the atmospheric tem- Figuresle and2b show the T700 increase induced by
perature impacts the geopotential height, the increase of oathe changes in the general circulation using analogues from
currence of Type no. 3 could be an artefact driven by the at-1961-1990. The pattern of Figa is well reproduced by the
mospheric temperature increase over the last 20 yr. Filglire analogues but the temperature increase is underestimated. In-
shows that such a temperature increase occurs for each tygkeed, averaged over Greenland and after having applied a 10-
of the CTC, indicating that the variability of our circulation yr running mean, the analogues explain only462% (resp.
regimes is independent of the current warming. Moreover,65+5 %) of the reanalysis-based 1993-2012 (resp. 1983—
the same CTC based on SLP instead of Z500 shows that the/2012) JJA warming at 700 hPa (see Hid). The linear trend
is also an increase of anticyclonic conditions at the surfacepf JJA T700 is 0.2C/summer (resp. 0.06/summer). The
which similarly favours warmer atmospheric conditions in part of the linear trend not explained by the analogues re-
West Greenland (see Fig. S4a, b in the Supplement). sults from the global warming. The global warming gauged
Therefore, such an increase in the occurrence of anticyclonitiere by the global annual 2 m temperature from the NCEP-
conditions (both at the surface and altitude) is not an arteNCAR reanalysis represents 27 % (resp. 31 %) of the NCEP-
fact of our methodology and is in agreement with the sta-NCAR based 19932012 (resp. 1983-2012) JJA T700 linear
tistically significant temperature increase since the 1990dncrease. A similar ratio is also found in the ECMWF re-
over Greenland and the neighbouring Canadian islands (seanalysis though this time series is not homogeneous over the
Fig. 2). Over Svalbard, the increasing occurrence of anticy-whole period (see Supplement). By adding the global annual
clones centred over Greenland favours northerly flows induc2 m temperature anomalies (in respect to 1961-1990) to the
ing temperatures rather near the normal, in agreement witlanalogues based T700 time series, we explaitt @76 (resp.
Kvamsto et al(2012 who showed that the highest temper- 98+ 5 %) of the NCEP-NCAR based T700 warming. With-
atures over Svalbard were reached at the beginning of theut applying a 10-yr running mean to the time series, the re-
2000s. constructions explain 91 % (resp. 97 %) of the NCEP-NCAR
based T700 warming over 1993-2012 (resp. 1983-2012).

By adding the “anthropogenic” signal to the analogues-
based signal induced by changes in the general circula-

tion, we are able to reconstruct most of the current JJA

By using the flow analogues techn!que, we can evz_alua_te_ th‘?’700 variability over Greenland. However, since the state
part of the currently observed warming over GrlS which is in- of the atmosphere is unique every day, using analogues

duced by anomalies in atmosphere dynamics independently - . ;
. I . rom the past for explaining the current climate has lim-
of the anthropogenic radiative forcing.

T itations and cannot reproduce all the behaviours of the
If we use a similarity index only computed over the area

(described earlier) covering the GrlS, the correlation betweenrecent exceptional summers.

the daily Z500 surfaces averaged over this area and the corre-
sponding Z500 analogues-based ones are 0.99 with a RMSE
of 13.2m, knowing that the standard deviation of the daily - - ;
' . : Circulation changes and global warmin
area-averaged Z500 surfaces is 74.2m. This good companf-3 ¢ g g

son at a daily ime scale validates to some extent our ﬂoV\Ll'he use of reanalyses instead of direct observations for de-

analogues technique. We refer to the Supplement for a com-__ . :
arison in two dimensions (see Fig. S5a, b in the SUIOpIe_tectlng changes in surface melt over Greenland may be re-
P ' ' ggrded as perhaps somewhat questionahdeeen and Sim-

monds 2011). However, in agreement witGraversen et al.

logues can successfully be found in the past. But let us re?2008 andHanna et aI(2Q13, our re'sults suggest an impor-
. . tant role of the general circulation in the recent GrlS record
member that the occurrence of the anticyclone-like Z500 sur-

: . . surface melt, independently of global warming and Arc-
faces during the recent 2007-2012 summers is excepuonal.tiC amplification Gerreze et al.2009. Nevertheless, these

5 Atmospheric dynamics induced warming
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Fig. 4. Time series (10-yr running mean) of the JJA NAO index over 1960—2100. For the NCEP-NCAR reanalysis (in green) and the General
Circulation Models (GCMs) from the CMIP5 database, the JJA NAO index is estimated as the standardized (over 1961-1990) difference
of the JJA mean sea-level pressure between the Azoré\23%° N) and Southwest Iceland (22V, 64° N). For the CMIP5 GCMs, the
historical scenario (in grey) is used for recent (1960—2005) climate conditions and future projections over 2006—2100 use RCP 4.5 (in blue)
and RCP 8.5 (in red) scenariddgss et al.2010. The CMIP5 multi-model mean (composed of 28 GCMs) as well as the standard deviation

of the ensemble mean are also plotted in dark blue and red, respectively. The NAO time series simulated by the Chinese model BNU-ESM
(using RCP8.5) is plotted in black. Finally, the JJA NAO index from CPC is plotted in orange for comparison.

recent changes in the circulation regimes could be an indi-7 Conclusions
rect consequence of climate change.

Indeed Overland and Wan¢R010 andJaiser et al(2012) With the help of a CTC, we have shown that anticyclonic
showed that the recently observed sea ice retreat attributed igonditions (at the surface and in altitude) gauged by neg-
part to g|0ba| Warming$erreze et a’|200D influences the ative NAO indexes are twice as frequent in the last sum-
NAO modes in winter. In addition, observational evidence mers over Greenland compared with the last 50 yr. These
for 2007-2012 suggests there may be a link between Arcanticyclones favour warmer conditions over Greenland and
tic sea-ice loss and enhanced high pressure over Greenlarid particular along its western coast and the neighbouring
(Overland et a].2012. Nevertheless, Figt seems to suggest CAA, where they induce a northward flux. Over Svalbard,
that global warming projected by general circulation modelsthe Greenland centred anticyclones tend to induce a south-
(GCMs) from the CMIP5 (Coupled Model Intercomparison ward flux instead. This explains why no melt increase has
Project Phase 5) database does not greatly impact the, NAcecently been observed over this region. By using a flow ana-
and general circulation in summer over Greenland as showtPgues method, we have estimated that these changes in the
by Belleflamme et al(2012). While we observe a sharp de- general circulation account for 695 % (65+ 5 %) of the
crease of the NAO index over the last 10 yr, only one GCM 1993-2012 (resp. 1983-2012) summer warming simulated
(plotted in black in Fig4) projects such negative NAO val- by the NCEP-NCAR reanalysis at 700 hPa over Greenland.
ues in future and the CMIP5 ensemble mean (composed ofhe CMIP5 GCMs seem to suggest that these atmospheric
28 GCM s listed in Supplement) rather projects a small NAOcirculation anomalies result from natural variability and not
increase for both mid-range (RCP 4.5) and high-range (RCHrom global warming.

8.5) scenarios through this century (see Big.It has to be The next step will be to study in more depth the impact
noted that most of CMIP5 GCMs are able to simulate theOf @ warmer climate on the general circulation as well as to
1961-1990 variability of the JJA NAO index, including ex- €valuate the role played by the general circulation in the cur-
treme negative values as currently observed (see the Suppléent warming observed at the whole-Arctic scaBrgversen
ment). However, these models fail to simulate the currentet al, 2008 Serreze et 312009.

succession of summers with negative JJA NAO index val-

ues. Therefore, how the future circulation regimes will be ] ) o

modified by ongoing climate change remains unclear and s> UPPlementary material related to this article is

this whole area needs much further research. In addition, thgvailable online at: http://www.the-cryosphere.net/7/241/
recent changes towards a more negative summer NAO arg013/tc-7-241-2013-supplement.pdf

quite short-term in the climate context and could still yet be

attributed to the “natural” variability. This could explain why

the GCMs do not project significant changes in NAO.
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