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We thank all reviewers for their valuable comments. In addition we acknowl-
edge Christophe Genthon in the manuscript for his short comments via The
Cryosphere Discussions framework. Below we provide replies to all Reviewer
comments (identified in blue). For the Editor’s benefit we have also additionally
included replies to Dr. Genthon’s comments, in light of their applicability. In
all cases we included indications of how the text has been revised, which can
also be found via mark-ups in the attached manuscript copy.

1 Replies to Reviewer 1 comments

1.1 Specific comments

p. 5, lines 25-83: It would be helpful to give the spatial correlation between the
CESM and RACMO2 snowfall variability patterns (i.e., the correlation between
the matrices in Figs. 3a and 3b).

We find a linear regression coefficient of 0.82 between the strength of CESM
and RACMO inter-basin correlations, highlighting the similar spatial pattern of
snowfall relationships between the two models. This is now noted in the text.

p. 7, lines 28-33: This might be a good place to remind the reader that
on annual timescales P-E is essentially equivalent to moisture flur convergence,
since changes in atmospheric moisture storage can be neglected.

We have now added text to this effect.

p. 8, lines 20-26: The last two sentences of this paragraph are confusing to
me. First, it is stated that the basin 22 composite depicts an eastward shift of the
ABSL. This looks like a westward shift to me. Second, for this same composite,
it is stated that “strong southerly flow over the Weddell Sea...precludes the large
increases to continental outflow over the AIS”. In contrast, I would think of
southerly flow over the Weddell Sea as being associated with continental outflow,



not precluding it. Finally, it is stated that the basin 20/26 composites depict a
westward shift of the ABSL. I don’t see this; to me, these composites suggest a
weakening/strengthening of the ABSL (rather than a shift in position), and, in
fact, this is how they are described in the same paragraph above.

We agree that this dense text is confusing. Since it is basically secondary to
our study, we simply removed these both sentences.

p. 10, lines 18-25: It seems to me that it would be easy enough to check
whether these biases are actually present in the CESM LE preindustrial simu-
lation, rather than just speculating.

We have clarified this text substantially. We now note that Holland et al.
(2016) indicate a weakened CESM non-annular variability, including ABSL vari-
ability. This bias is consistent with our finding of weaker CESM correlations
relative to RACMO. We now note this in the text. Regarding longitudinal po-
sition, we now note that Hoskins et al. (2013) and Holland et al. (2016) both
indicate a reasonably simulated ABSL longitudinal position in CESM. As a re-
sult, we now argue in the revised text that this potential bias is not a significant
impactor of our results.

1.2 Technical corrections

p. 1, line 12: “AIS” not yet defined. Fixed.

p. 8, line 17: The word “also” appears twice. Fixed.

p. 8, lines 30-31: I suggest removing “climatological” from the phrase “stan-
dard deviation of the climatological annual-averaged accumulation”. Fixed.

p. 4, line 11: “WAIS” not yet defined. Fixed.

p. 19, Fig. 3 caption: “Significance shaded at the 95% level.” — Would be
clearer (and consistent with subsequent figures) to say that stippling indicates
significance at the 95% level. Fixed.

p. 5, line 15: Should be “for a set”. Fixed.

5, line 16: “Analogous” is misspelled. Fixed.

6, lines 24-25: Should be “Figure 4”. Fixed.

7, line 6: “EAILS” not yet defined. Fixed.

. 22, Fig. 6 caption: “arrows as in Figure 4”7 — I don’t see arrows in Figure
1) Fixed.

7, line 28: “P-E” not yet defined. Fixed.

9, line 4: Should be “ZW3 index”. Fixed.

9, line 7: Should be “basins tend to receive”. Fixed.

10, line 5: Should remove the word “just” from this sentence. Fixed.
10, line 14: The word “corroboration” is misspelled. Fixed.

10, line 19: The word “the” appears twice. Fixed.

10, line 31: Would be better to say “This greater variability”. Fixed.

p. 11, lines 14-15: I suggest “supported by the presence of very similar
behaviour in the regional RACMO model”. Fixed.

p. 11, line 22: I’d remove the word “drives”. Fixed.

p. 11, line 22: I’d suggest instead “Important sources of variability”. Fixed.
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2 Replies to Reviewer 2 comments

It is not clear in the text and figure captions (e.g. Figure 3) what periods of data
are being used e.g. in Fig. 8 are you comparing average spatial correlations from
1800 years versus 1979-2015 from RACMOZ2? We have now clarified to indicate
that we are contrasting 1800 years of CESM control simulation with years 1979-
2015 from RACMO.

Related to point 1 abowve, is there any evidence of multi-decadal variability in
the spatial correlation patterns in the CESM control simulation? One would ex-
pect to see some evidence of pattern shifts related to periodic shifts in circulation
that are a characteristic of the climate system. If there is, are there particular
periods that favour increased/decreased Antarctic-averaged snowfall?

The suggestion to explore multi-decadal variability of inter-basin correlations
is an excellent one. To this end we performed evolving basin correlations within
a 31-year moving window, for the entire 1800-year CESM simulation. Results of
this analysis are presented in a new Figure 7 and several new paragraphs, which
describe evolution of positive/negative/weak correlations between basin 19 and
other basins. These particular comparisons were objectively chosen based on
analysis of the correlation time series to identify the strongest positive/negative
mean correlations, and the correlation time series whose range spanned zero and
demonstrated the largest range of all such inter-basin correlations. In each case,
basin 19 emerged as a good example to present.

Using this example we demonstrate the presence of large, low frequency
variablity in correlation strengths, particularly in negative and weak inter-basin
correlations. For example, we find that the long-term weakly negative (but sig-
nificant) basin 4/19 correlation masks coherent periods where the correlation
is strongly negative, and other periods where it is remarkably notably positive.
Thus, while the long-term correlations that form the basis for this study are still
certainly valid, we now elaborate on the potential for large variations in corre-
lation over long timescales to deviate from the long-term average correlation.

The issue of multi-decadal variability also comes into the statement made
at the top of page 6 about "sufficient record length”... if there is significant
multi-decadal variability in spatial correlation structure, long-term averaging
may mask an important source of temporal variabiliy in ice-sheet-integrated ac-
cumulation.

As above. We also note in the revised manuscript how this natural low-
frequency variability in CESM-simulated inter-basin correlations is perhaps closely
reflective of observed low-frequency changes in ice cores and likely impacts his-
torical estimates of snowfall variability. This is a very interesting connection to
make.

The sentence on page 9, line 20 ”Thus, an important .... by opposing pre-
cipitation variations” is difficult to follow. The first ”Antarctic” is redundant,
and it looks like something is missing after "ice-sheet-integrated variability” (in
accumulation?).

Fixed.

It is nitpicking, but I found there was a tad too much repetition of your



central theme of contervailing trends throughout the paper.

We are in agreement, and have removed a number of redundant references
to 'countervailing’ and similar throughout the text. More importantly, we have
altered the title to reflect this comment - the new title we feel being more objec-
tive and less focussed on only one aspect (countervailing precipitation patterns)
of the study.

3 Additional replies to Dr. Genthon comments

Correlated/anti-correlated regional precipitation patterns at continental scales
18 not a new information. . . this occurs because the regional interannual
variability of precipitation is generally associated to shifting or variable strength
of magor influencing synoptic systems. This is not new . . . in Antarctica.”

We agree that the general concept of (anti)-correlated regional precipitation
patterns at continental scales is not new for Antarctica. We now emphasize this
further, particularly by referencing Dr. Genthon’s important studies. Regard-
less, we also highlight more prominently that our contribution (i.e., basin-scale
disaggregation of precipitation variability from the 1800-year record of unforced
Antarctic climate in the coupled climate model) is still significant, largely be-
cause it provides a clean evaluation of basin-specific natural Antarctic spatial
variability that is by definition uncontaminated by anthropogenically forced sig-
nals (unlike reanalyses and/or ice cores, which are nonetheless valuable in their
own right) and is not impacted by the cancellation of regional modes of vari-
ability, nor by the ‘swamping’ of regionally important but subtle East Antarctic
variability signals by more prominent West Antarctic variability modes.

Spatially coherent (correlated and anticorrelated) patterns of variability of
precipitation have previously been exhibited by principal component analysis and
interpreted in terms of the variability of the atmospheric circulation, major driv-
ing Antarctic synoptic systems and thus patterns of moisture advection towards
of from Antarctica. Corraboration by ice cores has also been highlighted.

We now highlight these important analyses in our manuscript to identify
prior findings linking snowfall variability to atmospheric circulation. Building
on these results, our basin-scale compositing approach to identify important
patterns of atmospheric circulation is still an important and novel advance,
because it extracts from a millennial-scale climate model simulation the charac-
teristic patterns of atmospheric circulation/moisture advection that are specific
to individual ice sheet drainage basins. This information is not available from
previous EOF-based studies, even those carried out over limited Antarctic do-
mains. Additionally, our model-based, basin-scale approach is able to explicitly
identify a lack of sea ice control on been posited as important in other recent
studies.

I don’t think that a ‘clear analysis of spatial heterogeneity in Antarctic snow-
fall variability’ is really fully lacking.

Particularly after being pointed to Dr. Genthon’s earlier work, we agree that
it is not ’fully lacking’, and have tempered our statements accordingly in the



revised manuscript.

I find it hard to buy this idea of “dampening” of continental scale precipita-
tion variability by (anti)correlated regional variability.

After considering this comment (and related discussions, available on the
TCD website) we continue to suggest that anti-correlated regional variability
does indeed act to dampen continental-scale precipitation variability. However,
we have highlighted more strongly that this dampening is relative to a coun-
terfactual case where all of Antarctic snowfall varies to the same variability
forcing.

To confuse snow fall, precipitation and accumulation is misleading.

We have carefully rephrased the manuscript to be more accurate (we now
refer to all model results as ’precipitation’ and refer to ’accumulation’ when
discussing observations of net surface mass gain). We also included a brief
footnote to clarify all terms.

Links to broader patterns of atmospheric variability falls a bit short.

We have attempted to strengthen this aspect of the study by better referenc-
ing previous connections between Antarctic circulation and broader patters of
variability. However, given our focus in this manuscript is primarily to quantify
inter-basin snowfall variability relationships, we feel that a comprehensive ex-
amination of large-scale climate controls on Antarctic snowfall - a very complex
subject - is beyond the scope of the initial evaluation we have already provided.
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Abstract. Srewfal-over-AntareticaPrecipitation in the form of snow, the dominant term of the Antarctic ice sheet surface mass

balance, displays large regt

: vailing e : e-spatial and temporal
variability. Here we present an analysis of spatial patterns of regional Antarctic snewfall-variability——their-broader—climate
drivers-precipitation variability and their impact on integrated Antarctic saowfal-surface mass balance variability simulated as

part of a preindustrial 1800 year equilibrated-global, fully coupled Community Earth System Model simulation. Correlation
and composite analyses based on this output allow for a statistically robust exploration of Antarctic snewfat-precipitation
variability. We uneover-statistically-significant-countervailing-snowfall-identify statistically significant relationships between
precipitation patterns across Antarctica that are corroborated by climate reanalyses, regional modelling and ice core records.
These eountervailing-patterns are driven by variability in large-scale atmospheric moisture transportand-cause-targe-spatial
heterogeneity-in-temporal-vartability5-with-, which itself is characterized by decadal to centennial scale oscillations around
the long term mean. We suggest that this heterogeneity in Antarctic precipitation variability has a dampening effect on overall
Antarctic snowfal-variabilitymagnitude—surface mass balance variability, Fhis-dampening-has-with implications for regula-

tion of Antarctic-sourced sea level variability, detection of an emergent anthropogenic signal in Antarctic mass trends and

identification of ALS-Antarctic mass loss accelerations.

1 Introduction

Precipitation of snow everAntaretiea-is the means by which the Antarctic Ice Sheet (AIS), currently the largest contiguous ice
complex on the planet, aceumulates-gains mass. Over millenntatime, this accumulation has resulted in the sequestration of 57m
of eustatic sea level equivalent as AIS ice (Fretwell et al., 2013). As a result of the large area of this capacitor of freshwater,
natural variability in AIS-integrated snowfall-precipitation has a leading impact on AIS mass trends, which in turn influence
global mean sea level (GMSL) variability.
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AlS-integrated aceumulation—variabilityis—thenet-precipitation variability combines the effect of regional aceumulation
precipitation variability signals. Previous studies have leveraged Gravity Recovery and Climate Experiment (GRACE) out-

put, satellite altimetry and/or regional modeling to highlight strongly heterogeneous spatial patterns of temporal variability

in surface mass balance (SMB

.g. Mémin et al., 2015; Martin-Espandl et al., 2016; Shepherd et al., 2012; Boening et al.,
sensed observations, longer peintwise-time series of accumulation—variability-SMB_from ice cores (.e.g. Frezzotti et al.,
2013; Thomas et al., 2017, and references therein) also suggest the presence of heterogeneous regional patterns of snewfallt
precipitation variability. Historical climate reanalysis (Dee et al., 2011) as well as regional models driven by this reanalysis (e.g.
Van Wessem et al., 2014) further confirm the presence of high-spatial heterogeneity in recent historical Antarctic aceumulation

variability- trends(Wang-et-al52016)precipitation variability signals (Genthon et al., 2003; Genthon and Cosme, 2003; Wang et al., 2016)

These analyses provide critical insight into historical drivers of ice sheet mass balance variability and hint at a potentially

heterogeneous patterns of precipitation variability in
regulating AIS-integrated snowfall-and-associated-ice-sheet-mass variability. They are also important in understanding future

strong role for

change, during which regional variability will be superimposed on by a strong secular trend towards greater aceumulation
precipitation (Palerme et al., 2016; Frieler et al., 2015; Previdi and Polvani, 2016; Lenaerts et al., 2016) and increased low-
elevation surface melting (Fyke et al., 2010; Trusel et al., 2015). However, they are characteristically hampered by either
short time series length, sparse point data, observational uncertainty, a mixture of forced and natural variability signals, or a

combination of all of these.

Analysis of global climate model output provides a potential pathway around these difficulties. In particular, pre-industrial
preindustrial climate model control simulations - long quasi-equilibrium simulations in which no time-varying external forc-
ing is applied (e.g. Eyring et al., 2016) - provide spatially complete, temporally extensive representations of natural climate
variability that are uncontaminated by external forcing changes. Motivated by the potential for climate model output to provide
robust dynamical insight into drivers of spatially heterogeneous Antarctic aceumulation-precipitation variability, here we use
the Community Earth System Model (Hurrell et al., 2013) to explore spatial patterns in Antarctic spowfal-precipitation vari-
ability. The study is presented as follows: in Section 2 we describe the model, simulation and analysis methods we adopt to
explore Antarctic acewmulation-precipitation variability. In Section 3 we detail the findings of our analyses, which are further

interpreted in Sections 4 and 5.

2012). Complementing these remotely-
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2 Methods

We explore AIS basin-scale aceumutation-precipitation! variability and its link to broader climate patterns using output from the
Community Earth System Model (CESM, version 1). CESM is a comprehensive coupled Earth system model that is used for a

diverse range of applications, including recent explorations of Southern Hemisphere elimate-(HoHand-et-al- 2046 enaertset-al5- 2046

and Antarctic climate (e.g. Holland et al., 2016; Lenaerts et al., 2016). The particular CESM simulation we focus our analysis

on is a ~1 degree resolution preindustrial control simulation of the CESM Large Ensemble experiment (CESM LE here-
after) (Kay et al., 2015). Output from years 400-2200 of this fully coupled simulation provides a robustly equilibrated (and
thus statistically stationary) representation of global climate system dynamics that is uncontaminated with anthropogenic or
other external climate forcings, and of sufficient length (1800 years) to support robust variability analysis. These-benefits

ovide-an-important-advantage-of-this-approach—-over-analogous-studies-based-on-reanalysis-data-This approach to assessing

Antarctic variability provides important insights that are difficult to obtain using reanalysis products from the relatively
shortand-/non-stationary recent historical period. Our methodological approach is similar to other investigations of unforced

Southern Hemisphere climate variability ;—that-atse—that use output from climate model preindustrial-control-simulations

or constant present day conditions (e.g. Genthon and Cosme, 2003; Santoso et al., 2006; Holland et al.

2

3

In-ouranatysis;we-We represent regional Antarctic acewmutation-precipitation heterogeneity by disaggregating the AIS into
individual AIS drainage basins (Zwally et al., 2012) (Figure 1). Ice shelves are included in this basin disaggregation. This ap-
proach is adopted because each basin represents a distinct dynamical integrator of regional climate signals, making a basin-scale

analysis a practical and glaciologically tractable method for linking climate-driven srowfalt-precipitation variability to regional

Antaretie ghaeiologieal-trends-—ice dynamical changes. Previous Antarctic principal component analysis-based precipitation
studies have identified major benefits associated with use of limited Antarctic (Genthon et al., 2003) and West Antarctic ice
sheet (WALS) (Genthon and Cosme, 2003) domains. Specifically, these domains allow for isolation of important sector-relevant
variability patterns that can be obscured within of larger-scale hemispheric or global analyses. By further extending the ‘local
analysis’ methodology to individual ice sheet basins, we provide even greater control on identification of regionally critical
variability drivers, which in larger-scale approaches can overlap and also be obscured by more dominant variability spatial
modes (Genthon et al., 2003).

At the basin scale, we focus primarily on drivers of variability in annually-averaged, spatially integrated precipitation rates
(units of Gt/yr) because of the importance of this measure for mass balance and dynamics, combined with the relative in-
sensitivity of long-term AIS ice sheet dynamics to higher-frequency variability (e.g. related to the seasonal cycle and/or
individual storm events, which nonetheless are important in summing to the net annual signal). We apply several analysis

tools to quantify simulated basin-scale snowfall-variability, compare inter-basin variability relationships, and link basin-scale

n the following, we consider ‘precipitation’ to be practically synonymous with ‘snowfall’, since rain accounts for approximately 0.1% of total precipitation
over Antarctica in the simulation described here. We define ‘accumulation” as SMB, which for much of Antarctica equals precipitation minus sublimation.

- HoHand-et-al;2005: Previdi-and Polvant; 2046)control simulations forced with either constant preindustrial
2005; Previdi and Polvani, 2016
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variability to broader patterns of climate variability. We first perform correlation analysis between basin-specific annually-
averaged acewmulation-precipitation time series to identify inter-basin acewmulation-variability relationships. In addition, for
each basin, we eoenstruet-use composite climatologies based on EESM-simulated-annualtty-averaged-aceumulation-basin-scale
annually averaged precipitation to construct paired monthly-resolved characteristic climate states associated with high/low
basin aceumulation-precipitation years. This allows examination of the relationships between basin-aceumulation-timeseries
basin-resolved precipitation time series and broader modes of climate variability. To verify that the patterns of variability iden-
tified in CESM model output svere-are robust, we repeated subsets of our analysis on output from a 27 kilometer resolution
RACMO?2.3 regional atmosphere/ice sheet surface model simulation spanning the 1979-2015 period. RACMO2.3 has been
extensively applied-and-validated over Antarctica, thus providing an important benchmark of CESM performance (Lenaerts

etal., 2016). Finally, we also alse-assess-the-similarity-of- compare the CESM results against eompilations-estimates of accumu-
lation variability derived from ice core records, and identify the impact of low frequency variability on Antarctic precipitation
atterns by performing time-dependent basin-scale correlation analysis.

3 Results
3.1 Simulated preindustrial Antarctic aceamulation-precipitation variability

CESM1.1-simulated AIS aceumulation-precipitation over the historical period has been analyzed in detail in Lenaerts et al.
(2016). Given similar model provenance, the spatial pattern ef-aceumulation-in the CESM LE control simulation is similar to
that validated by Lenaerts et al. (2016), with lowest values in the dry interior and high values around the coast, particularly
along the Amundsen Sea coastline and the Antarctic Peninsula (Figure 2a). The model produces a climatological AIS-wide

tion of 2168 Gt/yr, of which ~0.1% falls as liquidtas-suech;for-the-purpeses-of-thisstudy-we-consider-the

9 s 5 . )

integrated precipita

&tV a absotute-value-and-vartabtty-ot-sub atio

smaltrelative-to-preeipitation). This value is lower than recent historical mean CESM/RACMO2.3 aceumulations-precipitation
assessed in Lenaerts et al. (2016) and Van Wessem et al. (2014) (2428/2829 Gt/yr), due to the significant positive trend in

historical CESM-simulated integrated Antarctic acewmutation-precipitation combined with an overall negative CESM srowfatt

precipitation bias.
The spatial pattern of interannual variability in modeled aceumulationprecipitation, measured as the standard deviation of the

chimatological-annual-averaged-aceumulationannual-average, largely mirrors the spatial pattern of climatological aceuwmulation
precipitation magnitude: where the magnitude is high, so too is the variability (Figure 2b). Aceumutation-Precipitation variabil-
ity is highest around the Antarctic coast, and reaches maximum values between Marie Byrd land and the Antarctic Peninsula.
In contrast, minimum variability occurs over the East Antarctic plateau. The standard deviation of AlS-integrated annually-
average aceumulation-precipitation variability is 98 Gt/yr, which is lower than recent historical variability in both CESM and
RACMO2.3 (122/135 Gt/yr), consistent with lower overall climatological acetumulationprecipitation. Ranking of basin-scale
aceumulation-precipitation contributions to overall variability highlights the leading influences of basin 20 (Marie Byrd Land
of West Antarctica) and, secondarily, basins 12-14 (Adelie Land to Wilhelm II Land of East Antarctica) in regulating overall
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variability due to very high basin-integrated aceumulation-precipitation rates despite relatively small size (for the former) and
large extent despite relatively low aceumulation-precipitation rates (for the latter).

Relative variability in Antarctic acetumulationecan-be-precipitation is assessed via the coefficient of variation (CV), which is
calculated as the standard deviation divided by the mean (e.g. Turner et al., 1999, Figure 12). The spatial pattern of CESM-
simulated CV (Figure 2c) differs notably from the spatial patterns of both mean aceumulation-and-aceumulation-precipitation
and precipitation variability, indicating an influence of both in regulating relative variability. Low site-specific CV values arise
over beth-the Antarctic Peninsula (AP)and-, the coastal WAIS and along major AIS ice divides. Fhis-A similar pattern is also
apparent in RACMO2.3 output (not shown). High mean aceumulation-precipitation drives low CV over the AP and coastal
WALIS, while low CV along ice divides is likely related to low variability at these locations, perhaps associated with the large
influence of steady background clear-sky precipitation (Bromwich, 1988). Conversely, relatively high variability combined
with relatively low mean aceumutation—precipitation conspire to generate highest CV values over the Ross and Amery ice
shelves, Victoria and George 5 Lands, Dronning Maud Land and the eastern Ronne-Filchner ice shelf. This-A similar pattern
is also apparent in RACMO2.3 (van de Berg et al., 2006) and also reflected in earlier estimates of Antarctic aceumulation
precipitation variability (Turner et al., 1999).

AlS-integrated CV calculated using the mean and standard deviation of AlS-integrated aceumutation-precipitation equals
0.04. Reassuringly;-this-This value is very similar to the recent historical AIS-integrated CV generated by both CESM and
RACMO2.3 (0.06/0.04). However, it is very low relative to CESM-simulated CV values at individual grid points on the model
domain (average of 0.2). This large difference between AIS-integrated and local values also holds when comparing AIS-
integrated CV to CV calculated at the basin scale, which is also higher as evidenced qualitatively by the wider distributions
of normalized basin-scale aceumulation-precipitation relative to the AIS-wide integrated distribution (Figure 2d) and quanti-
tatively by a mean CV of 0.17 across basins - more than 4-four times higher than the ice-sheet-integrated value. This much
larger basin-averaged CV value srelative to the value calculated from the AlS-integrated snowfal-time-series—-precipitation
time series implies the presence of eountervailing-snowfal-patterns-that-strongly-opposing precipitation patterns that dampen
the contribution of regionally high regional aceumulation-variability to the AIS-integrated variability signal. It also suggests
that the impact of regional AIS acewmulation—precipitation variability is quickly obscured ;-in cases where aggregation to
larger spatial scales is employed. On the other hand, the similarity of basin-based and pointwise-based CV averages (0.17/0.2)
indicates that little information about variability is lost in basin-scale aggregation, thereby-supporting our use of basin-scale

disaggregation in exploration of the interplay between regional ice sheet variability patterns.
3.2 Inter-basin countervailing aceamulation precipitation signals

To identify the spatial patterns of regional aceumulation—precipitation variability that dampen AIS-wide integrated spowfatt
variability, we examine zero-lag temporal correlations in CESM-simulated time series of annual-average integrated acenmulation
precipitation between all drainage basins. Figure 3a shows the matrix of resulting correlation coefficients, while Figure 4 shows
the spatial distribution of inter-basin aceumulation-precipitation correlations for a select set of basins chosen simphy-to represent

4 quadrants of Antarctica (plots for all basins available in Supplementary Material).



10

15

20

25

30

The presence of not only dampening but actively counteracting basin-specific integrated aceumulation-precipitation signals
is demonstrated by the presence of multiple statistically significant (95% confidence interval) inter-basin negative correlations
with respect to basin-scale integrated acetumutation-precipitation (blue squares in Figure 3a). On average, while each basin’s
aceumutation—precipitation variability is significantly (r>95%) positively correlated with 9 other basins (of 11 total average
positive correlations per basin), each basin is also significantly anti-eorrefated anti-correlated with 12 other basins (of 16 total
average negative correlations per basin). The presence of significantly anti-correlated inter-basin acewmulation-precipitation
variability patterns reflects the fact that high/low srowfalt-precipitation years in one basin are synonymous with low/high

snowfall-years in other basins, with directly cancelling effects on the AIS-wide integrated variability signal. This-cancellation

The spatial patterns of eountervaiting-opposing variability associated with the matrix of correlation coefficients in Figure 3
are highly basin-specific, indicating that inter-basin correlation patterns depend highly on the basin of interest. Figure 4a-d high-
lights the large diversity of spatial correlation patterns for an-the same set of ice sheet drainage basins simply-chosentorepresent
the-four-quadrants-of-Antarctica—Analagous-as in Figure 4. Analogous figures for all basins can be found in the Supplementary
Material. Aceumutation-Precipitation in basin 2 demonstrates positive correlations with acewmutations-precipitations in nearby
basins, mirrored by negative correlations with more remote basins. Conversely, aceumulation-precipitation in basin 7 correlates
positively and significantly with acewmulation—precipitation in both neighbouring and remote basins, as well as correlating
negatively and significantly with a broad and coherent region of the interior. Basin 14 shows only weak positive correlation
levels to neighbouring basins and, largely, no significant correlation to more distant basins. Finally, the pattern of correlations
based on basin 19 shows a prominent correlation dipole, with high/low aceumutation-precipitation in basin 19 and surrounding
basins being countered by low/high aceumulations-precipitations in easterly WAIS basins and the Antaretic-PeninsulaAP.

3.3 Comparison to RACMO2.3 and ice core basin-scale variability

Are the patterns of countervailing Antarctic snewfat-precipitation simulated by CESM realistic? We approach this question
by first comparing CESM aceumulation-precipitation variability patterns with that of the well-evaluated 1979-2015 RACMO2
Antarctic aceumulation-precipitation product (Van Wessem et al., 2014). Figure 3b presents the matrix of RACMO?2 inter-basin
annual aceumulation—precipitation correlations (equivalent to the analogous CESM matrix, Figure 3a). RACMO?2 snowfatt
precipitation time series at each point are linearly detrended prior to aggregation to the basin scale and correlation. As with
CESM, RACMO?2 simulates the presence of both multiple positive and -mere-importantly,negative inter-basin correlations,

in a similar spatial pattern of inter-basins correlations to CESM (r=0.82). The presence of the latter robustly supports the
CESM-based finding of dampening of the ice sheet-wide aceumulation—variability by-countervattingprecipitation variability
by opposing regional variability patterns. While RACMO?2 generates higher absolute positive/negative inter-basin correlation

magnitudes (average 13/14 per basin) they are less statistically significant correlations than in CESM. This likely arises from

the short (37 year) RACMO2 time series length relative to the CESM time series length (1800 years) and highlights the need
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for sufficient record length for the purposes of statistically robustly characterizing ice sheet-related internal variability (e.g.
Wouters et al., 2013).

Ice and firn cores provide an additional opportunity to directly assess CESM-simulated aceumutation-vartability-precipitation
variability (Genthon et al., 2005). A recent compilation of AIS ice core-derived snewfat-accumulation variability records
was compiled by the Past Global Changes (PAGES) Antarctica 2k working group (Thomas et al., 2017). As part of this
work, Thomas et al. (2017) assessed local multi-ice-core composite records in seven sub-regions of Antarctica against other
sub-regions and RACMO?2 and ERA-Interim output. Despite significant noise inherent to annual-scale analysis of Antarc-
tic ice core data, this analysis also suggested the presence of countervailing variability signals, most clearly arising be-

tween the Antarctic Peninsula region and the western WAIS and between East and West Antarctica —Given-the-technique-of

ino racant_hicto R_A NMO N

ER A ntaria . o-lin Gald M oOn—-corre on oJlaes M on

he latter is also suggested in
Genthon et al., 2005)). The emergence of countervailing variability patterns in-tee-core-data-therefore qualitatively supports

similar findings in CESM.

3.4 Regional controls on eountervailing-opposing Antarctic aceumulation-precipitation variability

Having established the presence of strong countervailing patterns of Antarctic speowfatl-precipitation variability, we next ana-
lyze the underlying climatic drivers. We use basin-scale compositing, where for each ice sheet drainage basin global, monthly-
resolved composite climatologies associated with low (5th percentile) and high (95th percentile) basin-scale aceumulation
precipitation years are constructed (n~=90 for each composite). Differencing these basin-based composite climatologies high-
lights changes in regional climate conditions associated with basin-specific snewfall-variability.

Because precipitation over Antarctic ice drainage basins is largely dependent on advection of moisture from remote sources
as opposed to local recycling (Sodemann and Stohl, 2009; Singh et al., 2016) we first assess basin-specific composite differ-
ences in vertically integrated atmospheric zonal and meridional moisture fluxes in the expectation that basin-scale variability
will be reflected in local atmospheric moisture convergence changes. Indeed, for all basins a consistent change in proximal
offshore atmospheric moisture transport anomalies emerges with high aceumulation-precipitation years co-occurring with pos-
itive local on-shore moisture transport anomalies and low acetmutation-precipitation years co-occurring with weaker on-shore
transport anomalies (Figure 54 and Supplemental Material). Within each basin, the difference in absolute moisture flux tends
to weaken inland, reflecting the dominance of coastal orographically-driven precipitation in Antarctica (Favier et al., 2013).
Given that basin-integrated aceumulation-precipitation mostly reflects coastal precipitation, the compositing technique prefer-
entially clusters years with greater coastal precipitation, leading to a tendency towards composite differences that are eoastally
maximized-maximized towards the coast. Moisture flux anomalies are often largest in the local vicinity of the basin for which
the compositing was based, identifying local circulation variability as an important final link between remote evaporative

source regions and final precipitation location.
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The tight relationship between Antarctic basin-scale aceumulation-precipitation and proximal moisture transport variabil-
ity confirms a leading role for moisture transport in determining local basin snewfal—variabiity—Hewever,—at-a—broader
recipitation variability (Genthon et al., 2003). At a larger scale, the composite climatologies also identify—spatially-ecoherent

large-seale-confirm spatially coherent moisture transport changes as the causal factor behind interbasincountervailing-aceumulation

inter-basin countervailing precipitation variability. Specifically, for all basins that demonstrate simultaneous positive/negative
aceumulation—precipitation correlations with the basin for which compositing procedure is based on, the-compositing also
identifies corresponding onshore/offshore moisture transport anomalies. As an arbitrary demonstrative example, each basin
with snowfall-precipitation variability that is positively correlated with basin 7 (Figure 4b) also demonstrates increased on-
shore moisture transport, with the strength of the correlation tending to increase with increased onshore moisture transport
changes. Such basins include several proximal basins, as well as remote basins on the AP and in Victoria land. The converse

relationship holds for anti-correlated basins that tend to occur as a swath of basins across the interior of the EAIS—n-general;

of-countervailing-basin-seale-aceumulation-vartability-East Antarctic ice sheet.
Moisture flux anomalies associated with basin-specific acewmutation—precipitation variability, as well as broader patterns

of interbasin dampening/countervailing aceumulation-precipitation variability, are tightly linked to composited differences in
both 500 hPa geopotential height (z500, contours in Figure 5) and sea level pressure (SLP;netshewn). Stemming from the

similarity between SLP and z500 composite differences (r=0.91) we limit-focus our attention to the relationship of moisture

flux changes to z500 variability, which provides a consistent metric of atmospheric circulation both at sea level and over

the elevated ice sheet topography (Genthon et al., 2003). Basin-based aceumulation-precipitation compositing reveals spatially
extensive and significant z500 differences with a transition from positive to negative anomalies - indicating large changes in

horizontal pressure gradients—gradient anomalies - typically lying in close proximity to the basin from which compositing
was based (see, for example, Figure 5a, b and d). Moisture flux anomalies, which are characteristically maximal close to the
composited basin, are consistently ~90 degrees leftwards of the maximum z500 gradient. This points to regional geostrophic
atmospherie-vartability-flow as a main determinant of the moisture transport variabilitythat-, which in turn drives inter-annual
basin-scale aceumulation-precipitation variability.

Despite-However, despite the apparently robust control of atmospheric circulation variability on Antarctic basin-scale
snowfal-precipitation variability, another potential regulator of atmospheric moisture transport to Antarctica must also be

considered, namely, regional sea ice concentration (SIC)-regulated local evaporative source region variability (Tsukernik
and Lynch, 2013; Thomas and Bracegirdle, 2015). Compositing reveals that basin-scale aceunmulation—vartability-is-typieally

recipitation variability is closely associated with nearby offshore SIC variability: basin-specific high-aceumutation-high-precipitation

years tend to be characterized by statistically significant local decreases in upwind-offshore SIC, while lew-aceumulation
low-precipitation years are characterized by upwind-offshore SIC increases (Figure 6). The broad co-occurrence of low/high
upwind SIC with downstream high/low basin-scale acewmutation—precipitation suggests a role for sea ice-regulated local
evaporation source variability in determining basin-scale aceuwmulation—precipitation variability. However, we argue against
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this causal relationship, because strong increases in annual precipitation minus evaporation (P-E, approximately equivalent
to moisture flux convergence on annual timescales) that are proximal to the basin upon which compositing was performed

are not not associated with opposing regions of negative P-E change over proximal-nearby sea ice loss regions (Figure
6). Instead, P-E decreases over these regions are typically weak and in some cases even positive (e.g. Figure 6a/b)—This
contradiets—, contradicting the pattern that would be expected if SIC-regulated evaporative increases were a dominant factor
in locally increased Antarctic basin-scale snewfallprecipitation: namely, a strong proximal offshore P-E decrease (reflecting
increased evaporation that is not countered by opposing over-ocean precipitation) closely associated with the pattern of neg-
ative SIC change next to basins experiencing increased snewfatprecipitation. The argument for a weak dependence of ALS
snowfal-Antarctic precipitation on local SIC variability-state also holds for the case of basins experiencing eeuntervailing
snowfal-decreased precipitation but with reversed tendencies of change. Thus, we conclude that regional sea ice variability
is not the primary factor driving basin-scale Antarctic saowfal-precipitation variability. Rather, both sea ice and Antarc-
tic snewfall-precipitation variability are both commonly regulated by atmospheric circulation variability, which leads to the

appearance of similar-associated (but not causal) spatial variability patterns. This conclusion contradicts speculations by

Fsukernik-and-yneh(2013)Themas-and Bracegirdle (2045); Lenaerts-et-al+2046)-Tsukernik and Lynch (2013); Thomas and Bracegird

and Lenaerts et al. (2016) but supports the findings of Singh-et-at+(264+6)-and-Genthon et al. (2003) and Singh et al. (2016) and

also recent studies exploring sea ice controls on Greenland Ice Sheet climate (No€l et al., 2014; Stroeve et al., 2017).
3.5 Links to broader patterns of atmospheric variability

Establishing broad-scale atmospheric circulation variability as the main determinant of both basin-scale spewfal-variability—
and-broaderpatteras-of-precipitation variability and broader inter-basin variability dampening-and-canceHation, subseguently
relationships allows for a broader assessment of the role of larger-scale atmospheric circulation variability in controlling these
features. Notably, the pattern of atmospheric circulation differences extracted via compositing of basin-scale snewfall-elearly
reconstruects-with-remarkablefidelity-precipitation clearly reconstructs previously-characterized broad-scale patterns of vari-
ability, highlighting their important impact.

The CESM-simulated Amundsen-Bellinghausen Sea Low (ABSL) appears as-perhaps-the most dominant control on indi-
vidual basin-scale aceumutation-precipitation variability and associated regionatty-countervailing-acewmulation-countervailing
precipitation patterns. Both the strength and longitudinal location of this low pressure center plays a strong role in determining
the center and strength of the dipole in countervailing patterns, which is qualitatively consistent with Hosking et al. (2013).
Anomalous deepening of this low (represented as negative pressure-changes-in-z500 plotsvalues, such as the pattern emerging
from the basin 26-based composite, Supplementary Material) drives increased snewfall-precipitation in eastern WAIS (due to
enhanced onshore maritime flow) and decreased snowfal-precipitation in western WAIS (due to the increased occurrence of off-
shore continental flow). Conversely, weakening of the ABSL promotes an opposite response (e.g., as represented by the basin

20 composite).
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—OQur findings of a dominant ABSL

center of variability and regionally counteracting responses to ABSL change is fully consistent with a reanalysis-based analysis

Genthon et al., 2003) that links this variability to Southern Annular Mode and low-latitude Pacific (ENSO) variability.

While ABSL stands out as a dominant center of variability, it also is closely linked and often embedded within broader modes
of atmospheric circulation variability that alse-exert-broader-exert additional controls on Antarctic snowfat-precipitation pat-
terns. Basin-scale compositing of several East Antarctic drainage basins, most prominently in the vicinity of Enderby Land
and Dronning Maud Land, reconstruct a notable wave-3-like difference pattern in z500. A relatively more subtle wave-three
pattern also emerges in the basin-scale compositing of several AP basins and also basin 14 (George V Land) hinting at the
presence of sensitivity to wave-3 variability at nodes separated by approximately 120° around Antarctica. This is-eensistent
with-the-presenee-supports a suggestion of a quasi-stationary, temporally variable wave-3 circulation in CESM that impacts
Antarctic spowfall-precipitation along southward-flowing branches of the wave train. The same pattern, at least in the Enderby
Land/Dronning Maud Land region, also is associated with coherent remote changes in z500 and moisture transport, leading

to AIS-wide patterns of both muted (but significant) positive and negative inter-basin correlations;highlighting-nen-annularity

finding-is-strongly-supported-by-previous-studies-which-. Suggestions of a wave-3-driven signature on Antarctic precipitation
_circumpolar circulation non-annularity efzenat-atmospherie

on meridional moisture transports onto the AIS. However, it contrasts with an assessment that wave-3 nen-annularity-closely
i tth— i il i —structures do not contribute significantly to Antarctic

recipitation variability (Genthon et al., 2003). This discrepancy perhaps arises because the signature of wave-3 variability on

Antarctic precipitation is swamped in the Antarctic-wide EOF analysis of the latter study, which is dominated by circulation

variability in the West Antarctic sector.
For a further set of basins, basin-scale snewfall-variability appears most linked to local asymmetries in the broad zonal-wave

1 atmospheric circulation. In some cases (e.g. basin 10), basins tends-tend to receive more snowfat-precipitation primarily as a
result of a regional dipole of increased continental and decreased offshore z500 change—This-pattern-suggests-, pointing to the
presence of a re-occurring regional elongation of zonal wave 1 asymmetry in circumpolar circulation s-that is weakly reflected in
more remote circulation changes. In other cases (e.g. basin 17, encompassing the South Pole), increased saowfat-precipitation
appears associated with a broader pattern of higher continental and lower maritime z500 height wave 1 variability that is cir-
cumpolar in nature;-ane-is-, It is therefore qualitatively similar to the pattern of Southern Annular Mode (SAM) variability that

is highlighted as a strong control on precipitation variability in AIS-wide principal component analysis (Genthon et al., 2003).

10

hinereastng-(e.g. as quantified by the ZW3 index, Raphael, 2004
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4 Discussion

In this study we identify the presence of significant dampening and actively countervailing tendencies in CESM-simulated
Antarctic annually-averaged snewfatl-precipitation variability, the dominant term in the Antarctic surface mass balance. Our
finding of countervailing Antarctic snrewfal-variability patterns in CESM agrees with a finding of similar patterns in RACMO2
and also in ice-core-based assessments{Themas-et-al;2017). These similarities give confidence that CESM-simulated patterns
of AIS snewfal-precipitation variability are physically realistic.

Counteracting patterns of basin-integrated CESM-simulated Antarctic spewfal-precipitation variability are directly linked
to - and driven by - variability in broad-scale atmospheric circulation patterns, which impact atmospheric moisture transport

pathways.

compositing-approach-The compositing approach used here isolates spatial patterns of atmospheric variability that promote

¢ Hg ract i —vartabihi iee—sh inage-basinthis effect, via simultaneous changes
to other basins. These basin-specific composite patterns closely resemble known modes of variability that are well known
regulators of Southern Hemispheric climate. These include, for example, Amundsen-Seaow-ABSL variability, the Seuthern
Annular-Mede:-SAM and wave-3 non-annularity in zonal atmospheric circulation. In reality, these modes of variability are
superimposed in a complex manner that likely includes inter-mode interactions (e.g. Fogt et al., 2011; Hosking et al., 2013).

Yet, it is clear from the initial analysis presented here that each mode has a distinct signature on AIS patterns, and the com-

bined signatures act-to-strongly-dampen-AlS—contribute to a dampening of AIS-wide integrated variability. Previous work
has identified spatially counteracting impacts of regional atmospheric circulation variability over WAIS that are focused
around West Antarctica (Genthon et al., 2003; Genthon and Cosme, 2003; Genthon et al., 2005). The findings we present here
improve on these important initial analyses, by extending the description of counteracting signals across the entire ice sheet.

In many cases, basin-specific aceumulation-precipitation compositing reveals similar patterns of snowfall-precipitation vari-
ability for nearby basins, including similar distal inter-basin patterns-of-countervailing-variability-variability relationships. This
reflects an expected dependence of nearby basins on similar patterns of regional atmospheric variability. However, in some
cases, immediately adjacent basins show no statistical correlation despite large moisture transport vector changes (for exam-
ple, basins 19 and 22, Figure 4d). In these cases, lack of correlation insnewfall-variability-occurs because the dominant modes
of regional atmospheric variability that drive large changes in onshore moisture transport in one basin drive simultaneous
changes in moisture advection that are directly cross-shore over the other, resulting in a change in direction in-of prevailing
moisture transport but insignificant net change in transport magnitude or pathway length.

In other cases, adjacent basins exhibit netjust-atack-ofcorrelation;-butrather significantly anti-correlated snewfall-variabil-
ity. The presence of such patterns reflects the location of ice divides coupled to patterns of atmospheric flow anomalies. For
example, increased basin 2 snewfalt-precipitation is correlated with decreased snewfatt-precipitation in multiple basins on the
other side of East Antarctic ice divides, because the coherent large-scale change in atmospheric circulation that brings flow

onshore over basin 2 acts simultaneously to increase continental outflow in these other locations. As a result, many Antarctic
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ice divides practically mark strong transitions in inter-basin variability phasing. This may be an additional important cause of
notably decreased acewmulation-precipitation CV along these divides (Figure 2c), as they are influenced by synoptic systems

representing counteracting modes of variability from either side of the divide over the course of a surface mass balance year.

Use of interbasin correlations calculated over the full 1800 year record clearly defines long term mean inter-basin interannual

correlation strengths, but masks multi-decadal to multi-centennial variability in these same relationships. To expose this low

frequency variability, in a similar manner to Genthon and Cosme (2003) we re-calculated inter-basin correlations (here usin

a 31-year moving window) to define the period over which inter-basin time series were evaluated for correlation strength.
Figure 7 demonstrates the time evolution of three inter-basin correlations associated with basin 19 (western West Antarctica),
the basin exhibiting both the highest and lowest long term mean inter-basin correlations: a highly positively correlated time
series (between basin 19 and neighbouring basin 18); a highly negatively correlated time series (between basin 19 and basin
25, eastern West Antarctica): and in the middle, a weakly correlated time series (between basin 19 and basin 4). All other
inter-basin evolving correlation time series are available in the Supplementary Information,

In the positively-correlated basin 19/18 case, the 31-year windowed correlation coefficient varies by ~0.13 (peak to trough),
with notable variability arising at near-centennial timescales. In comparison the correlation coefficient in the negatively-correlated
basin 19/25 varies by over 0.5, presumably reflecting strong centennial-scale variability in ABSL conditions. Finally, the
correlation coefficient in the weakly-correlated basin 19/4 case varies very strongly (~<0.8). In addition and somewhat remarkably,
the correlation time series in this last case exhibits century-scale periods of both negative and positive correlations. This
indicates - for this particular inter-basin relationship - the potential for precipitation to vary both in phase and out of phase,
with these different regimes able to persist for well over a century.

The presence of significant low-frequency in inter-basin precipitation correlations (demonstrated for basin 19, and qualitativel
present in other inter-basin correlation time series) likely has implications for interpretation of ice core interrelationships
and also modelled and observed precipitation patterns over the recent historical period. In the former case, the finding of
significant low frequency variability about the long term CESM:simulated mean points to climate models as important tools
for mechanistic understanding of poorly-understood low-frequency changes in ice core records (e.g. Fudge et al., 2016). In the
latter, the simulation of centennial-scale variability in inter-basin relationships suggests caution is warranted when interpreting

Antarctic recent modelled/observed precipitation changes, since it likely represents an aliased signal of centennial-scale precipitation

variability.
We are confident in our

ESM-based interpretations of atmospheric circu-

lation ity-controls on inter-basin Antarctic

precipitation variability relationships. This confidence arises from eorraberation—corroboration of CESM results by similar
RACMO? results, as well as indications of eounteracting-snowfal-qualitatively similar precipitation patterns from ice core
records (Thomas et al., 2017). However, some fraction of the CESM-simulated structure of dampened-and-—countervailing
snowfalt-inter-basin variability that CESM demonstrates may reflect model bias in both CESM-simulated mean atmospheric
circulation and atmospheric circulation variability. For example, Holland et al. (2016) note a general climate model bias to-

wards too-weak modes of non-annular variability in zonal atmospheric flow (e.g. Raphael, 2004) whichif-presentin-the-the
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CESMEE-preindustrial-simulation,—would-spuriouslyreduee-that is shared by CESM. This CESM bias is likely spuriousl
reducing basin-scale counteracting variability, thereby dampening the pattern of counteracting basin-scale variability and
otentially explaining the relatively lower magnitude of (anti)-correlation values relative to RACMO2 (Figure 3). In a sim-

ilar vein, the ABSL tends to exhibit notable biases in seasonal longitudinal position across a range of climate models (Hosking

et al., 2013)the

m / g
S t a

interbasin_correlations (Figure 3)-aithough-the-short- RAEMO-, Finally, we also note that errors in RACMO2-simulated
inter-basin correlation estimates could arise simply from short RACMO? time series lengtheouid-atso-play-an-impertant role.
We-argue-that-eountervatting-Opposing tendencies in CESM-simulated Antarctic snowfal—vartabitity-have-precipitation

variability has a strong impact on integrated annually averaged Antarctic snowfall variability—This-is-, quantitatively reflected

in the CV of CESM-simulated AIS-integrated spowfall-precipitation (0.04) being ~4x smaller than basin-scale averaged CV
(0.17). In the counterfactual case where these dampening and countervailing patterns were entirely absent and the Antarctic
continent varied synchronously with a CV of 0.17, the CESM-simulated AIS integrated snewfall-variability would increase
by ~four-fold to a 1-sigma standard deviation of 416 Gt/yr, or approximately 1.2 mm/yr of global mean sea level (GMSL)
variability. Fhis-The additional variability would be comparable in magnitude to 20*" century secular sea level rise rates
(~1.7mm/yr, Church et al. (2013)). Furthermore, it would add notably to GMSL interannual variability, which is dominated
by ENSO-driven land water storage changes that generate up to ~5 mm of sea level anomaly (Llovel et al., 2011)). Thus,
dynamieally-linked-dampening/eounteracting -Antaretie snowfath-we argue that atmospherically driven counteracting Antarctic
precipitation variability patterns play an important role in moderating GMSL changes by removing a large source of variability
from the GMSL budget.

We-also-Similarly, we suggest that the presence of AIS snewfat-precipitation variability dampening/counteracting patterns
plays an important role in the detection of forced Antarctic mass change signals, because it reduces the effective noise that
the signal of forced changes to Antarctic snowfall must overcome to become statistically detectable. For example, Previdi
and Polvani (2016) highlight the potential of interannual Antarctic snewfatt-precipitation variability to mask a forced signal
of snowfall-precipitation increases over the 1961-2005 period. Our results suggest that the already-strong masking of forced
trends by interannual variability would be even more effective in the case where dynamically-driven-dampening/counteracting
patterns in Antarctic snewfall-precipitation were absent. Similarly, Wouters et al. (2013) highlight the role of Antarctic mass
balance variability in obscuring assessments of ice sheet mass loss acceleration over the recent observational timeframetime

frame. Our results indicate that in the absence of dampened/countervailing-Antaretic snowfat-opposing Antarctic precipitation

variability patterns, this already significant impediment to assessing integrated Antarctic mass changes would be much greater.
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5 Conclusions

In this study we analyze climate model output from the Community Earth System Model Large Ensemble preindustrial con-
trol simulation to explore patterns of spewfal-precipitation variability over Antarctica. Most notably, correlation analyses
of CESM-simulated snowfal-ntegrated-over—precipitation between Antarctic ice drainage basins highlight-the-presenee-of
highlights strong patterns of dampened and even-eountervaiting-opposing basin-integrated saowfal-precipitation variability.
The physical veracity of this ﬁndlng is sffeﬂg}y—suppeﬁed—byb&ke—pfeseﬂeewsggggrvtggv@ very similar behaviour by theregional
‘regional modeling, global reanalysis

products and ice-core records.

Compositing of climate conditions based on the-anntal-timeseries-of snowfal-annual precipitation in each basin permits
investigation of the broader climate conditions associated with basin-scale integrated snrowfal-precipitation variability. This
analysis reconstructs previeusty-eharacterized-known modes of Southern Hemisphere high latitude atmospheric circulation
variability, confirming these modes as dominant controllers of both basin-scale snewfall-variability and inter-basin countervail-
ing variability patterns. Fhis-The control arises because of variability in atmospheric moisture transport, which is-elesely-tinked
to-regionally-countervailing-trends-in-Antaretic-snowfall-strongly regulates Antarctic precipitation patterns and also drives re-

gional sea ice variability. Impertantmedes-Apparently important sources of variability with respect to regionally countervailing
patterns of Antarctic spewfal-precipitation include the Amundsen/Bellingshausen Sea Low and the zonal wave three pattern

in circumpolar atmospheric circulation, and variability of the Southern Annular Mode. The presence of simulated decadal and

centennial scale variability in inter-basin correlations highlights the potential for low frequency shifts in Antarctic precipitation
variability regimes. Finally, we suggest that th i ing-of : tability-tikely

integrated Antarctic precipitation variability due to opposing inter-basin variability patterns has a notable impact on integrated
Antaretie-iee-sheet-Antarctic mass variability, with impertant-potential implications for the detection of ice sheet mass change

accelerations, emergence of an anthropogenically forced signal in Antarctic integrated snewfall-precipitation and global sea

level rise changes.

Code and data availability. All NCAR Command Language (NCL Version 6.4.0, 2017, http://dx.doi.org/10.5065/D6WD3XHS) analysis
scripts are available at: github.com/JeremyFyke/AIS_snowfall_analysis. Directions for obtaining CESM Large Ensemble data are available

at: www.cesm.ucar.edu/projects/community-projects/LENS/.
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Figure 1. Colors: Antarctic Ice Sheet surface topography (meters). Outlines: Numbered Antarctic ice sheet basins (Zwally et al., 2012).
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Figure 2. Panel (a): climatological mean CESM-simulated AIS aceumutation-precipitation (m/yr w.e.). (b): climatological AIS standard
variability (standard deviation, m/yr w.e.). (c): Coefficient of variation (CV, standard deviation divided by the mean). AIS drainage basins
(Zwally et al., 2012) overlaid on panels (a-c). Note nonlinear color bars in panels (a-b). (d): Normalized distributions of annual-average
aceumutationprecipitation, over entire 1800 year simulation. Normalization carried out by dividing each distribution by the mean distribution
value. Black line: AIS-wide integrated aceumtation-precipitation distribution. Grey lines: individual drainage basin distributions.
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Figure 3. Panel (a): CESM-simulated inter-basin annual integrated precipitation correlation coefficients (colored squares). Horizontal and

vertical axes: Antarctic ice sheet basin number (Figure 1). Panel (b): RACMO-simulated inter-basin annual integrated precipitation correla-

tions. Signifieanee-shaded-Stippling indicates significance at the 95% level. Diagonal (correlations of basins with themselves) excluded.
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Figure 4. Panels (a-d): Basin-specific coloring: inter-basin annual integrated aceumutation—precipitation zero-lag correlations for basins
2, 7, 14 and 19 (in green). Stippling represents the presence of inter-basin significance at the 95% level. Arrows: vector differ-

ences between basin-specific composite vertically-integrated moisture transport climatologies (high minus low basin-specific integrated
aceumutationprecipitation).
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Figure 5. Panels (a-d): Basin-resolved composite climatology z500 differences (high minus low basin-specific integrated
aceamulationprecipitation). Contours at 3m geopotential height difference intervals. Positive inter-composite pressure difference colored
red, negative inter-composite pressure difference colored blue, to a minimum/maximum of -30/30 m. Zero contour colored black. Stippling:

statistically significant inter-composite (95%) z500 difference. Basin-specific coloring and basin outlines as in Figure 4.
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Figure 6. Panels (a-d): solid shading over ocean areas: composite sea ice concentration climatology differences (vertical colorbar, high minus

low basin-specific integrated acewmutationprecipitation). Contour lines; composite P-E climatology differences. Positive inter-composite P-E

difference colored green, negative inter-composite P-E difference colored brown. Contours at 1 mg/m?/s intervals, to a minimum/maximum

of -10/10 mg/m?/s. Basin-specific coloring ~-and basin outlines and-arrows-as in Figure 4 (horizontal colorbar).
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Figure 7. Evolving inter-basin correlations between basin 19 and basins 18, 25 and 4. Correlation time series constructed using a moving 31

ear window. Red/blue: positive/negative inter-basin correlation values.
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