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ABSTRACT

The Greenland blocking index (GBI), an indicator of the synoptic-scale circulation over Greenland,
has been anomalously positive during most summers since the late 1990s. Such changes in
atmospheric circulation, favouring anticyclonic conditions, have led to an increase in Greenland
summer temperatures, a decrease in cloud cover and larger surface melt. The GBI is therefore a key
indicator of melting and surface mass balance variability over the Greenland ice sheet. However,
the models of fifth phase of the Coupled Model Intercomparison Project (CMIP5) do not represent
the increase in GBI that is suggested by recent observations, and do not project any significant
increase in GBI until 2100. In this study the new generation of CMIP6 Earth-system models is
evaluated in order to analyze the evolution of the future GBI. All CMIP5 and CMIP6 projections
reveal the same trend towards a decrease of the GBI until 2100 and no model reproduces the strong
increase in the persistence of summer blocking events observed over the last few decades.
Significant melting events related to a highly positive GBI, as observed in summer 2019, are still
not considered by CMIP6 models and therefore the projected surface melt increase of the ice sheet
could be underestimated if such summer circulation changes persist in the next decades.
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1| INTRODUCTION

A Greenland Ice Sheet (GrlS) extreme melting event occurred in summer 2019 (Tedesco and
Fettweis, 2020) and followed several other exceptional years since the beginning of recordings (eg.,
2003, 2005, 2007, 2008, 2010, 2012 and 2015, Fettweis et al., 2013a; Tedesco et al., 2013, 2016;
Hanna et al., 2014). The 2019 melt season resulted from specific anticyclonic conditions, especially
northwards advection of warm and moist air along the western part of the ice sheet and enhanced
absorption of solar radiation strengthening melt, amplified by the melt-albedo feedback (Tedesco
and Fettweis, 2020). Although this near-record Greenland melt is due to the combination of
anticyclonic conditions with low winter accumulation, it is also part of a series of Arctic summers
characterized by blocking events which have become increasingly frequent over the past 20
summers (Fettweis et al., 2013a; Hanna et al., 2014; Belleflamme et al., 2015; McLeod and Mote,
2016). This succession of blocking events over several summers is one of the causes of the negative
SMB record of 2012. This record was due not only to the heritage of the snowpack, but also to the
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particular atmospheric conditions of a blocking event combined to the increase in surface
temperature, exposing bare ice and triggering the melt-albedo feedback (Tedesco et al., 2013).

Blocking events are mainly associated with persistent synoptic-scale ridges of high pressure over
Greenland. This means anticyclonic conditions over the ice sheet with more shortwave radiation
incoming during summer, reduction in cloud cover (Hofer et al., 2017) and warm air advection from
the south-west, which increases surface ice melt due to higher temperatures and the melt-albedo
positive feedback.

These more frequent blocking events are one of the main contributors to the recently observed
acceleration in GrlS surface melt (Fettweis et al., 2013b; Overland et al., 2012), and have led to a
significant decline in the GrlIS surface mass balance (SMB) since the 1990s (van den Broeke et al.,
2016; Fettweis et al., 2017; Trusel et al., 2018; Noél et al., 2019).

Despite the importance of such dynamical atmospheric changes, they are not represented by any of
the CMIP5 Earth-system models (regardless of their complexity level, general models are called
ESMs hereafter) for present-day climate (Fettweis et al., 2013b; Hanna et al., 2018a). None of the
models suggest any increase in Greenland blocking events by 2100, while some models even
suggest moderate decreases in blocking. This model-observation disparity means that the melt
increase over the Greenland ice sheet could be underestimated by a factor of two if such changes
continue to occur, which might result in ESMs potentially underestimating the future decrease in
SMB (Delhasse et al., 2018).

The latest Climate Model Intercomparison Project (CMIP6) provides new projections simulated by
an improved generation of ESMs. The most important enhancements compared to CMIP5 are a
higher resolution, a more sophisticated physics scheme that most notably includes the improvement
of the coupling between the different components of the Earth-system, and better constrained
concentrations of aerosols and other near-term climate forcings (Eyring et al., 2016; O’Neill et al.,
2016; Voldoire et al., 2019). While the CMIP6 models are forced by similar atmospheric
greenhouse gas scenarios, they are more sensitive than CMIP5 due to notably stronger cloud
feedbacks (Andrews et al., 2019; Gettelman et al., 2019; Voldoire et al., 2019). For the Greenland
ice sheet, a new investigation suggests a doubling of surface melt in CMIP6 models relative to
CMIP5 (Hofer et al., 2020).

Considering the impact of such blocking events on the recent increase in Greenland melt, together
with the availability of new CMIP6 ESM projections, the aims of this study are to assess: 1) the
ability of these new simulations to represent the recent increase in Greenland blocking over the
present, and 2) whether such a change in blocking is predicted from now until 2100, bearing in
mind that CMIP5 suggests a decrease in summer blocking events over Greenland during the next
decades.

2 | DATAAND METHODOLOGY

Greenland blocking events are evaluated using the 500 hPa geopotential height (Z500) averaged
and area-weighted over the region 60-80 °N, 20-80 °W, defined as the Greenland Blocking Index
(GBI, Fang, 2004; Hanna et al., 2013, 2014, 2015, 2016, 2018a, 2020) which is used here to assess
the representation in CMIP5 and CMIP6 models of the recent summer blocking events observed
over Greenland. The GBI and thus summer Z500 increase reported over these last few decades, is
variously and indeterminately influenced by two factors: 1) global climate warming and, 2)
atmospheric dynamical changes linked to a more meridional configuration of the polar jet stream
that favours anticyclonic conditions over Greenland (Overland et al., 2012). In order to avoid the
influence of the global temperature increase (Figure 1) on GBI and to study only the dynamic (and



not thermal) atmospheric changes that (are projected to) occur over Greenland (GR), the GB2 index
(Eg. 1, Hanna et al., 2018a) is used here. GB2 is calculated as the normalized difference between
GBI and the area-weighted mean Z500 over the northern hemisphere region of 60-80 °N (NH).

GBI = Z5004,

1) _ _
GB2= Z 500~ Z500,,,

We also use the free-atmosphere temperature within the GBI region (TA hereafter), defined as the
summer mean temperature at 850, 700 and 500 hPa over the GR area (Eqg. 2). TA and GBI are
closely related (Table 1 and Figure 1).

(@) TA= (T 850+ T 700+ T 500)sr

GBI, GB2 and TA are based on summer (JJA) CMIP5 and CMIP6 simulations (1950 — 2100) and
are compared with the same parameters based on NCEP/NCARvV1 reanalysis (Kalnay et al., 1996,
NCEP hereinafter) and ERAS reanalysis (Hersbach et al., 2020) for the following recent period:
1950 — 2019 (1979 — 2019 for ERA5). Only CMIP6 models with outputs available for the high
emission scenario (ssp585) (Gidden et al., 2019) are considered in this study (33, listed in Table S2
in supplementary materials). The CMIP5 models used in Hanna et al. (2018a) (considering the
RCP8.5 scenario only) are also included and these 35 models are listed in Table S2. The new
CMIP6 scenario, ssp585, is approximately equivalent to RCP8.5 in terms of radiative forcing
(+8.5 W/mz, Taylor et al., 2012; Eyring et al., 2016; O’Neill et al., 2016). For comparison, the
NCEP and ERADS reanalyses are used as references for the recent observed climate (respectively
1948 — 2019 and 1979 — 2019). All time series are presented here in normalized form with respect
to the reference period 1980 — 1999. A weighted running mean is applied by using a midpoint-
centred 21-year running mean, which shortens the beginning and the end of series by 10 years, as
shown in Figure 2.

In addition to the GBI and GB2 based analysis performed by Hanna et al. (2018a) for CMIP5, we
will discuss the Z500 projected pattern changes over the 50-90 °N area. Similar to GB2, we define
ZG2 for each grid cell as the difference between Z500 of the grid cell and the average Z500 over the
60-80 °N area in order to isolate the Z500 dynamic anomaly from the thermal anomaly. The
anomaly of ZG2 with respect to the reference period (1980 — 1999) is calculated as an average for
different selected periods.

3| RESULTS

The GBI in the ESMs (from both CMIP5 and CMIP6) increases linearly with the atmospheric (mid-
troposphere) temperature (Figure 1), but this increase is smaller than the observed GBI increase.
This indicates a shift towards more favourable atmospheric dynamic (jet stream) precursors, in
addition to higher temperatures, causing Greenland blocking events. Figure 1 also reveals a stronger
CMIP6 warming rate than in CMIP5 for an identical GBI vs TA relationship. On average, CMIP6
models warm by 1 °C compared to CMIP5 models over the period 2081 — 2100. These warming are
significantly different (ttest, a =5 %). The extreme values of free atmosphere temperatures of
CMIP6 models are also shifted by +1 °C with respect to CMIP5 (supplementary materials, Figure
S7).

In order to ascertain whether global warming is the main driver of the projected GBI changes, the
determination (r2) between GBI and free atmosphere temperature has been calculated for each
model over three different periods (1950 — 2019, 2020 — 2100 and 1950 — 2100, Table 1). For the
recent period, as for NCEP and ERA5, ESMs-based GBI is not fully dependent on the temperature



(r> average of 0.51 for CMIP5 and 0.61 for CMIP6). But in the future, the increase in free
atmosphere (mid-troposphere) temperature determines the increase in GBI (r2 average of 0.81 for
CMIP5 and 0.87 for CMIP6). Because Greenland climate is expected to continue to warm, leading
to an increase in GBI, this justifies the use of GB2 for evaluating future changes in GBI that are not
caused by temperature variability.

The NCEP and ERAGS reanalyses show a significant increase in GB2 (larger than the interannual
variability where the latter is measured using the standard deviation) over the recent period, which
is not represented by any of the CMIP5 and CMIP6 models (Figure 2). In CMIP5, the highest GB2
value does not even reach one standard deviation (std). Between 2000 and 2020 one CMIP6 models
(MRI ESM2-0), out of 33, almost reach one std of GB2 and oscillate until the end of the century
with a decreasing trend. Around 2040, two other CMIP6 models (EC-Earth3-Veg and NESM3)
oscillate near one std and a further one (NorESM2-LM) between 2040 and 2060. Nevertheless
almost all the ESMs project a significant (p < 0.05) decrease in GB2 by the year 2100 with no
projection showing an overall increase in blocking. It should be noted that 3 models do not show a
significant trend (2 CMIP5 models: GISS-E2-H, GISS-E2-R, and 1 CMIP6 model: EC-Earth-3).

Table S1 (in supplementary materials) summarizes occurrences of summers characterized by
GB2>(<)1 (-1) and 2 (-2) for NCEP and ERAS5 over the current period, CMIP5 and CMIP6
models (2000 — 2019, 2040 — 2060 and 2080 — 2100). Between 2000 and 2019, the NCEP summer
GB2 has been negative six times but only two of these instances occurred since 2007. Out of 2007
to 2019 summers, only 2013, 2017 and 2018 had GB2 <1 (-2.37, 0.22 and -2.07 respectively,
Figure S1 in supplementary materials), highlighting the prevalence of high GB2 values (GB2 > 1)
during recent summers. For CMIP5 models, the maximum number of occurrences of GB2 > 1 over
2000 — 2019 is 4 for the HadGEM2-CC and ACCESS1-3 models, and only few models (9 out of 35)
have summers with GB2 >2. In comparison, CMIP6 models seem to show higher summer
occurrences of GB2 > 1 over 2000 — 2019 relative to CMIP5; however, the maximum occurrence (8
for MRI-ESM2-0 and NESM3), does not reach the NCEP and ERA5 based observed occurrence
(respectively 11 and 10). Up to the end of the century using CMIP6 projections, there is a decrease
in the occurrence of positive GB2, which confirms previous finding based on CMIP5 (Hanna et al.,
2018a).

Finally, it is important to note that the results presented in this study are insensitive to changing both
the chosen reference period (supplementary material Figure S5 and S6) and the length of the
running mean (supplementary materials Figure S2 to S4).

Comparing the ZG2 pattern of the ESMs when they suggest high positive GB2 values to the ZG2
pattern of the reanalysis leads to the conclusion that none of the ESMs tested here are able to
represent positive anomalies (high pressure) over Greenland of the same magnitude as those
observed in NCEP-NCARvV1 and ERADS reanalyses (Figure 3 a and d). Only MRI-ESM2-0 (Figure 3
b), showing a small increase in GB2 for the recent (2000 — 2019) period (Figure 2), has ZG2
anomalies over the current period that correspond to the reanalyses-based one observed over 2000 —
2019; however, this anomaly is insignificant compared to the interannual variability (not shown).
One further CMIP6 model, NESM3, simulates a GB2 increase over 2030 — 2050 (Figure 2) but
once again, while it has a similar ZG2 pattern (Figure 3 e) to reanalyses for 2000 — 2019, the
anomalies are shifted slightly westward and are also insignificant. No other CMIP model shows a
similar ZG2 pattern to reanalyses over this century, while CMIP anomalies are generally slightly
negative relative to the reference period (for instance Figure 3 ¢ and f) confirming the decrease of
GB2 projected by the end of this century.

4| CONCLUSIONS



Blocking events have more often characterized summers in Greenland since the late 1990s, leading
to several ice-melt records including, most recently, in 2019. This reflects generally more blocked
atmospheric circulation over Greenland, as gauged by using the GBI index. The GBI has strongly
increased since the late 1990s while the previous generation of ESM models (CMIP5) does not
reproduce such an increase (Hanna et al., 2018a). In this study we used GB2 to evaluate the ability
of the new CMIP6 models to represent the recent variability of the atmospheric circulation over
Greenland in summer, as well as its future evolution to 2100. We conclude that no increase in the
frequency of Greenland blocking events are revealed for either recent or future climates (1990s to
2100) by the CMIP6 models, and that the free-atmosphere temperature variability fully drives the
GB2 changes in the ESM-based projections. This suggests that, according to both CMIP5 and
CMIP6 models, recent circulation anomalies could be due to the natural variability. Conversely, as
described by Simth et al. (2020), ESMs could indeed simulate a variability of the atmospheric
circulation, but too weak and explaining why (future) blocking events in ESMs are minor compared
to the observed blocking events.

As shown in Delhasse et al. (2018), atmospheric warming combined with recently observed
circulation changes could result in a doubling of the surface melt increase of the Greenland ice
sheet. By not resolving a possible sustained increase in future Greenland blocking events and
associated atmospheric circulation changes, CMIP6 (and previous CMIP5) ESM-based projections
could therefore underestimate Greenland ice sheet surface melt if the observed recent circulation
anomalies persist over subsequent decades. Major uncertainties concerning the global
understanding of the processes producing these blocking events currently preclude reliable
simulation of their occurrence by climate models (Woollings et al., 2018; Smith et al., 2020).
Therefore, future ESM developments should focus on representing such changes in atmospheric
circulation in order to reduce the uncertainty in: (1) projections of Greenland ice sheet contribution
to global sea level rise; and (2) possible downstream effects of Greenland blocking on the North
Atlantic polar jet stream and accompanying extreme weather conditions over Northwest Europe
(Hanna et al., 2018b).
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Figure 1. Scatter plot of Greenland Blocking Index (GBI) anomalies vs mean free temperature anomalies
(TA) defined as the mean 850, 700 and 500 hPa temperature anomalies (TA) over 60-80 °N, 20-80 °W.
The reference period is 1980 - 1999.

This article is protected by copyright. All rights reserved.



GBI correlation with TA

r2 (1948-2019) (2019-2100) (1948-2100)
P05 0.53 0.73 0.82
CMIP5 P95 0.71 0.86 0.91
Mean 0.51 0.73 0.81
P05 0.62 0.85 0.89
CMIP6 P95 0.77 0.92 0.94
Mean 0.61 0.81 0.87
NCEP (1950-2019) 0.68
ERA5 (1979-2019) 0.70
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GB2 21-years running mean
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Figure 2. JJA GB1 (dashed black line) and GB2 (solid black line, defined in Eq. 2) indices over 1950 - 2100
as simulated by NCEP/NCAR Reanalysis 1, ERA5 Reanalysis (green line), as well as by all the CMIP5 models
(RCP8.5 scenario, blue lines) and the CMIP6 models (ssp585, red lines). Lighter lines represent the
normalized GB2 for each model while the mean of CMIP5 and CMIP6 models are represented by the thicker
lines. The historical scenario is used from 1950 - 2005 for CMIP5 and 1950 - 2014 for CMIP6, while RCP8.5
and ssp585 are respectively used afterwards. Finally a 21-year running mean has been used to smooth the
time series, and values have been normalized using 1980 - 1999 as the reference period.
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ZG2 anomalies compared to the reference period (1980-1999)
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Figure 3. ZG2 anomalies (m) over 2000 - 2019 for a) NCEP, b) ERAS reanalysis with respect to the
reference period (1980 - 1999). Similar for MRI-ESM2-0 over 2000 - 2019 (b), 2080 - 2099 (c) and NESM3
over 2030 - 2049 (e) and 2080 - 2099 (f). ZG2 was computed by removing the mean Z500 between 60 °N

and 80 °N to remove the artificial increase in geopotential height due to global warming.
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The GBI index is used to assess the occurrence of blocking events in Greenland that have become
increasingly prevalent over the last 20 years. It is used here to evaluate the representation of such events
up to 2100 by the new generation of CMIP6 ESMs in comparison with the previous generation (CMIP5) and

climate reanalyses. Impacting by various feedbacks the surface melt of the ice sheet, the non-
representation of these events by CMIP6 models could result in future melt increases being underestimated
if such a pattern of atmospheric circulation persists in the coming decades.
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