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Projected and historical amplification of
moisture fluxes towards Antarctica by

synoptic eddies
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Synoptic weather systems play a crucial role in transporting moisture to Antarctica. Climate models
project significant changes in these systems, including a wintertime intensification and a summertime
poleward shift, with implications for Antarctic ice mass balance. Our analysis of CMIP6 model output
shows synoptic moisture fluxes across the Antarctic Circle increasing by 2-6% per decade under
high-emission scenarios, accounting for 24% of winter and 93% of summer total moisture transport
trends. This increase is mainly associated with enhanced eddy moisture anomalies rather than
stronger eddy wind anomalies that are often used to gauge storm track activity. Eddy-driven moisture
variability also accounts for a substantial fraction of inter-model uncertainty in future projections.
Furthermore, using a large-ensemble approach, we show that differences between reanalysis and
multi-model mean externally forced trends could possibly be due to natural climatic variability, while

potential model biases cannot be excluded.

Atmospheric water vapour transport plays a critical role in regulating the
mass balance of the Antarctic ice sheet by producing precipitation'™*. Given
the limited moisture sources over Antarctica, most of the precipitation is
attributed to moisture transported from lower latitudes by the atmosphere.
This moisture originates mainly from the equatorial flank of the Southern
Ocean, where oceanic evaporation acts as an important moisture source for
the overlying atmosphere™”. The moisture is then primarily transported
towards Antarctica in the lower troposphere®” through transient weather
systems” ™.

Transport across the Antarctic circle (~66.5°S) predominantly occurs
through low-pressure systems developing in the circumpolar trough®.
These systems are characterized by synoptic-scale cyclonic eddies'*'* and
mesoscale frontal systems'*"*. As these low-pressure systems develop in the
surrounding regions and advance towards Antarctica, they transport
moisture from the lower latitudes'*"®, thereby contributing to precipitation
across the continent.

Extreme events such as atmospheric rivers (ARs), long and narrow
filament-shaped structures that carry abundant moisture from the mid-
latitudes or even subtropics, strongly contribute to moisture fluxes towards
Antarctica'* . The ARSs typically align with strong cyclones situated to the
west of their centers, as well as with anticyclones positioned to the east™**".
Those ARs that make landfall in Antarctica tend to be steered by blocking
high-pressure systems that contribute to enhancing their stationarity™.

Synoptic weather systems, encompassing the various aforementioned
moisture transport mechanisms, are undergoing profound changes under

global warming. A general intensification of synoptic activity has been
detected year-round in reanalysis data”* as evidenced by diagnostics of
eddy kinetic energy (EKE), heat fluxes, and meridional moisture fluxes. In
summer, a poleward shift is observed in addition to the intensification™.
While earlier studies did not identify significant trends in moisture transport
towards Antarctica*”, more recent findings suggest that this intensification
of synoptic activity is accompanied by a robust enhancement of poleward
moisture fluxes near the Antarctic circle”.

In broad agreement with recent trends, synoptic activity is projected to
undergo profound changes according to climate models from the fifth and
sixth phases of the Coupled Model Intercomparison Project (CMIP5 and
CMIP6). Notably, both CMIP5 and CMIP6 models project a wintertime
intensification and summertime southward shift of the Southern Hemi-
sphere (SH) storm track’, under both high and moderate greenhouse gas
emission scenarios’”". These trends are commonly diagnosed using metrics
such as vertically integrated EKE and meridional wind variance. While these
metrics do not directly quantify moisture fluxes, their trends suggest
potential changes in moisture transport to Antarctica. In winter, intensifi-
cation trends have been identified using both hemispheric-mean EKE and
moist static energy™.

Despite inter-model variability, an overall intensification of Antarctic
precipitation has been projected by all CMIP3 simulations™. The projected
increases are consistently attributed to thermodynamic processes, rather
than changes in atmospheric circulation. Across CMIP3 models, enhanced
precipitation arises primarily from the greater moisture-holding capacity of
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a warmer atmosphere, which amplifies precipitation under similar synoptic
conditions. Another study of future precipitation trends based on atmo-
spheric general circulation models forced by CMIP3-derived sea surface
temperatures and ice concentrations also confirms the dominant role of
thermodynamic forcing™. Scaling analyses further show that changes in
high-frequency, vertically integrated moisture fluxes are strongly linked to
thermodynamic factors™. More recent simulations from CESM2 (CMIP6),
CMIP5 models, and the CESM large ensemble project similarly indicate that
increased snow accumulation over Antarctica is largely explained by ther-
modynamic mechanisms, with sub-monthly weather variability playing a
key role®™. However, whether these findings hold for the latest generation of
IPCC models remains uncertain.

To better understand factors influencing future climate projections of
moisture transport towards Antarctica, here we delve into the repercussions
of anticipated changes in synoptic eddy activity on this transport. This is
achieved through an analysis of both historical and future climate change
scenarios from CMIP6™ as well as reanalysis records. Specifically, we aim to
address the following questions: How do historical trends in eddy-driven
moisture transport, as modelled by CMIP6, compare with those derived
from reanalysis products? Have externally forced trends emerged from
natural variability in reanalysis data? How is poleward moisture transport by
synoptic eddies projected to change in a warming climate? What roles do

thermodynamic and dynamic factors play in driving changes in poleward
moisture flux? How consistent are these projected changes across CMIP6
models?

Results

Hemispheric patterns of synoptic moisture transport trends

To place Antarctic moisture flux trends in a broader hemispheric context,
Fig. 1 presents the spatial distribution of vertically integrated moisture flux
([v'q']) trends across the SH extratropics for both winter (June-July-August;
JJA) and summer (December-January-February; DJF). Results are pre-
sented for the short term (1980-2022) and the long term (1980-2100),
enabling comparison of historical trends from CMIP6 models and reana-
lyses, as well as evaluation of projected future changes. Here, the CMIP6
multi-model is computed by first averaging moisture fluxes seasonally and
then across datasets, with trends subsequently assessed from the resulting
mean time series. We note that the fluxes are climatologically negative (i.e.,
poleward), such that a negative trend indicates an amplification of moisture
transport toward Antarctica. The trend in long-term (1980-2100) CMIP6
projections is predominantly negative and statistically significant
throughout almost the entire SH high latitudes in both JJA and DJF. Trends
increase in magnitude towards the equator, where synoptic eddies typically
transport more moisture southward, and decrease progressively in
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Fig. 1 | Spatial distribution of trends in meridional moisture flux. Vertically-
integrated synoptic meridional moisture flux ([v'¢']) trends (1980-2022; kg m™' s
yr') are contrasted between (middle column) CMIP6 models under SSP5-8.5 and
ERAS (rightmost column). The same trends are also assessed in CMIP6 models for
an extended period (1980-2100; leftmost column). They are shown separately for
(top; a), b), ¢)) JJA and (bottom; d), e), f)) DJF. Trends are illustrated with colour
shadings and the climatological reference for the same period is illustrated with black
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with thicker contours for larger magnitudes. Sectors where less than 2/3 of the
models agree on the sign of the trend are stippled in green. The false discovery rate
method™ is used to assess significance in ERA5 and CMIP6 models with a false

discovery control value (aFDR) of 0.1 (see methods). Non-significant trends are

intervals (dashed for negative [southward] fluxes)

indicated with magenta stippling. Sectors over which area averages are later per-
formed are contoured in magenta.
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Fig. 2 | Zonal profile of moisture transport trends. Vertically-integrated synoptic
moisture flux trends (¢ ); kg m™ s~! yr™!), averaged over 60-70°S, are shown for
reanalysis datasets and CMIP6 models for (top) JJA and (bottom) DJF, separated

into (left) short-term and (right) long-term periods. Solid lines indicate the trends
from reanalyses and the median trend among models, while dotted lines represent

the interquartile range (25th-75th percentiles). The 0-100% and 5-95% percentile
ranges of the MPI-ESM1-2-LR ensemble members are shown by brown shading. A
25°longitude running mean is applied to highlight broader regional patterns. Trends
that are statistically significant at the 5% level (based on a two-tailed t-test) are
highlighted with thicker lines.

amplitude towards the pole, where water vapour becomes increasingly
scarce. Larger trends are found over East Antarctica in JJA. In DJF, a zonal
wavenumber 3 trend pattern is found to amplify the climatological pattern
of the same scale in the midlatitudes with maxima at around 30°W, 170°W,
and 90°E, bearing resemblance with stationary waves observed in the geo-
potential height field””. While modes of wavenumber 3 variability of the 500-
hPa height field do not exhibit significant trends in CMIP6 projections™, a
clear wavenumber 3 pattern is observed in sea level pressure trends™ which
could be related to the modulation of synoptic moisture fluxes.

When assessing short-term (1980-2022) trends, the JJA simulated
trends are markedly less pronounced than their long-term counterpart and
not statistically significant. In contrast, during summer, the pattern of
externally-forced simulated trends closely resembles that of the longer
period, albeit slightly weaker. In both seasons, the externally-forced trends in
CMIP6 models are markedly different from the historical evolution seen in
ERAS, where they are notably less zonally symmetric. This highlights the
important role of internal variability in the observed trends, a point which
will be examined in greater detail in subsequent sections.

Longitudinal structure of moisture flux changes along the
Antarctic Circle

To better resolve the longitudinal structure of moisture transport toward
Antarctica, Fig. 2 presents trends in vertically integrated moisture flux along
the Antarctic Circle (60-70°S). This latitude band is chosen because it is
projected to experience significant year-round trends in synoptic activity,
and by encircling Antarctica, plays a key role in controlling the amount of
moisture that can enter the Antarctic. During the short-term period
(1980-2022), reanalysis data show that significant JJA trends are confined to
sectors in Eastern Antarctica (~60°-100°E) and Western Antarctica

(~220°-240°E). In DJF, significant trends are limited to narrow regions near
~50°E in Eastern Antarctica and ~270°E in Western Antarctica. These
localized signals, which were not significant in Fig. 1, emerge here due to
meridional and longitudinal averaging. This averaging enhances the signal-
to-noise ratio by suppressing internal variability that strongly influences
trend detection at regional scales.

In contrast, the externally forced trend in CMIP6 models exhibits
reduced zonal variability in short-term trends and enhanced statistical
significance, particularly during DJF when the intensification is markedly
stronger. In JJA, modelled trends are notably weaker than those in reana-
lyses over Eastern Antarctica (60°-~100°E) and across the Ross Sea and
Western Antarctica (160°-260°E). During DJF, reanalyses show much more
positive trends between 90°-220°E and more negative trends from
250°-280°E. To assess the potential role of natural variability in the
model-reanalysis differences, we examine the spread among members of
the MPI-ESM1-2-LR large ensemble, which serves as a gauge of internal
variability*. The ensemble spread aligns with CMIP6 models and generally
encompasses reanalysis trends. This suggests that discrepancies—aside
from intense regional differences over East and West Antarctica and the
Ross Sea—can be plausibly attributed to internal variability. Averaging over
broader sectors (Supplementary Fig. 1) further reduces the gap between
models and reanalyses, yielding consistent overlap across all seasons.

Over the long term (1980-2100), trends become statistically significant
across all longitudes and in both seasons, with the strongest increases under
the SSP5-8.5 scenario. Similar to patterns observed at lower latitudes (Fig. 1),
the long-term trends exhibit three local minima, which do not form a perfect
longitudinal wavenumber-3 pattern. When integrated over the entire
Antarctic circle, the trends in vertically integrated synoptic moisture

transport ([v' q']) account for 24% of the total moisture transport ([vq]) trend
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in JJA and 93% in DJF for SSP5-8.5, compared with 58% and 73% for SSP2-
4.5 (Table 1). These results highlight the dominant role of synoptic varia-
bility in shaping seasonal moisture transport trends, particularly during
summer.

Vertical structure of synoptic moisture transport trends

Vertical profiles of zonal-mean meridional eddy moisture flux (v'q ) trends
are then shown (Fig. 3) for the same latitude band as Fig. 2 (60°S to 70°S).
The trends are shown from 850 hPa and above since the levels below
intersect too frequently with topography and ocean surface to allow for a
robust analysis of trends. Trends are consistently negative, corresponding to
the amplification of southward fluxes towards Antarctica. Except for
MERRA-2, CFSR/CFSv2, and JRA-55 in JJA, the strongest signals are found
at 700 hPa, above the climatological maximum that is located closer to the
surface (Supplementary Fig. 2). We note that the climatological vertical
profile of moisture fluxes is broadly consistent between CMIP6 model-mean
and reanalyses, although the models tend to slightly overestimate transport
near 500 hPa and underestimate it near 850 hPa.

Short-term (1980-2022) trends in CMIP6 models exhibit pronounced
seasonal differences with a marked amplification in DJF, compared to JJA.
In JJA, reanalyses exhibit greater trends compared to CMIP6 models, while
in DJF, reanalysis trends are slightly smaller on average. The simulated
zonal-mean meridional eddy moisture flux trends show limited sensitivity
to emission scenarios (SSP2-4.5 versus SSP5-8.5). Trends are usually sta-
tistically significant at 700 and 500 hPa in reanalyses (except CFSR/CFSv2 at

Table 1 | Vertically integrated moisture vapour transport
trends (1980-2100; kg m~' s~ yr') averaged across the
Antarctic circle (60-70°S) in function of season and future
projection scenario

Season Scenario Synoptic Total Ratio

JUA SSP2-4.5 —0.00870 —0.0150 0.58
SSP5-8.5 —0.0161 —0.0675 0.24

DJF SSP2-4.5 —0.00856 —0.0118 0.73
SSP5-8.5 —0.0146 —0.0157 0.93

Trends are reported for synoptic eddies fluxes [v'q'], total fluxes [Vg], and their ratio.

700 hPa) and models, but less so at 850 hPa, likely due to reduced signal-to-
noise ratio associated with internal variability in reanalyses. Averaging
across CMIP6 models enhances the signal-to-noise ratio as it suppresses
internal variability, improving trend detectability.

Unlike short-term trends in CMIP6 models, which show little sensi-
tivity to emission scenarios, long-term trends (1980-2100) differ between
SSP2-4.5 and SSP5-8.5, with the latter nearly twice as large as the former. All
long-term trends are statistically significant in the lower troposphere,
indicating robust increases in synoptic moisture transport under sustained
warming.

Temporal evolution of moisture transport

To illustrate the nonlinear progression of moisture transport under global
warming, Fig. 4 presents the temporal evolution of meridional moisture
fluxes for four representative sectors encircling Antarctica at 60-70°S.
Spatial averaging over these broader regions further enhances the signal-to-
noise ratio, allowing regional changes to emerge more clearly. All four
sectors are projected to experience negative trends, indicating amplified
synoptic-scale meridional moisture transport. The greatest changes are
projected over the Ross Sea sector, while comparatively weaker trends are
projected over Eastern Antarctica. Notably, the Eastern Antarctica sector
spans a broad area encompassing both weak and strong regional
signals, which average out to produce more moderate sector-wide trends
(Figs. 1 and 2). Despite this moderation, the trend remains statistically
significant due to the improved signal-to-noise ratio achieved through
spatial averaging.

The sensitivity of long-term changes in moisture fluxes to CO, emis-
sions is also clear in Fig. 4 where the amplification of moisture fluxes
accelerates continuously over time in SSP5-8.5 but flattens past ~2070 in
SSP2-4.5. It is worth mentioning that Eastern Antarctica is affected by a
weak positive trend (reduction) in the early historical period, which is
consistent with the absence of a warming trend in the region during the
same period'.

Influence of internal variability

Next, we compare trends in reanalyses with those in the MPI-ESM1-2-LR
ensemble members after removing the ensemble mean, thereby isolating
internal variability (Fig. 5). We find that only in Eastern Antarctica [iv]
during JJA and in Western Antarctica [i] during DJF do trends in ERA5 and

Fig. 3 | Vertical profile of synoptic moisture flux
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Fig. 4| Time series of moisture transport across the Antarctic circle. Time series of
vertically integrated synoptic meridional moisture fluxes ([m; kgm™'s™) aver-
aged over four representative sectors encircling Antarctica (columns; sectors illu-
strated in Fig. 1) in (a-d) JJA and (e-h) DJF in reanalyses (ERAS5 and the reanalysis

ensemble mean [REM], the mean of the four reanalyses considered in this study
[ERAS5, JRA-55, MERRA-2, and the merger of CFSR and CFSv2]) and CMIP6
models. Solid lines illustrate the REM and CMIP6 model ensemble averages, and the
shading illustrates an + 1o interval among ensemble members.
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Fig. 5 | Emergence of trends. Meridional moisture flux trends (1980-2022; [v'q']; kg
m" s dec) averaged over four representative sectors encircling Antarctica (col-
umns; sectors illustrated in Fig. 1) in (a-d) JJA and (e-h) DJF are contrasted between
ERAD5, other reanalyses, and the MPI-ESM1-2-LR large ensemble from which

externally-forced climate variability (the ensemble mean) is removed before asses-
sing trends. The inter-quartile range and median of the large ensemble are shown

with boxes, and the 5-95 percentile range is shown with whiskers. Outliers are shown
with black circles.

other reanalyses fall below the 5th percentile of ensemble members. This
suggests that the externally forced component of observed trends has
emerged from internal variability only in these specific regions and seasons.
For the remaining areas, trends in reanalyses can be plausibly attributed to
natural climate variability.

Drivers of moisture flux amplification
The projected amplification of moisture fluxes in CMIP6 models may result
from changes in the amplitude of wind anomalies, moisture anomalies, or the
correlation between both, which serves as a measure of the efficiency of
synoptic systems in transporting moisture (see Egs. (1) and (2) in methods
for such decomposition). To examine their respective contributions, each
term of Eq. (2) is illustrated in Fig. 6. It is evident that moisture flux trends are
primarily driven by the greater eddy moisture anomalies. This contribution is
particularly large north of 60°S and decreases slightly over the 60-70°S band,
where the contribution of the correlation between v' and g' increases slightly.
This suggests that the configuration of synoptic eddies becomes moderately
more favourable for the transport of moisture towards Antarctica.

In summer, a wavenumber-3 pattern is observed in the contribution
from trends in the correlation between v’ and ¢’ (first right-hand side term

of Eq. (2); Fig. 6d). This pattern shows that sectors of enhanced trends (Figs.
1d and 2) also experience an increase in the efficiency of moisture fluxes. In
addition, we identify a wavenumber-3 pattern in corr(v', q') trends as well

as a clear wavenumber-3 component in the amplification of V v (Sup-
plementary Fig. 3) and in moisture anomaly trends (\ / F) The clima-

tological wavenumber 3 patterns observed in these fields (not shown)
correspond to stationary waves”.

It is important to note that the net contribution of each of these
components to moisture flux trends, as derived from the decomposition in
Eq. (2), results from their respective trends multiplied by the climatological
properties of the other terms, which also exhibit zonal asymmetries.
Therefore, the wavenumber-3 pattern in meridional moisture flux trends
cannot be attributed to a single factor alone. Supplementary Fig. 4 displays
the net contribution to these asymmetries. All three terms contribute
wavenumber-3 anomalies to varying degrees.

A similar decomposition was also applied to ERA5 trends (not shown),
but the interpretation proved challenging due to the spatially
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inhomogeneous trends in moisture fluxes likely driven by the strong pre-
sence of internal variability in the record, leading to a low signal-to-
noise ratio.

The role of these components of moisture flux transport across the
Antarctic Circle in contributing to inter-model uncertainties is further
investigated (Fig. 7). Models that tend to exhibit comparatively larger DJF
trends of meridional moisture fluxes (v/q’) also tend to exhibit enhanced

trends in meridional wind anomalies (V/v'2), specific humidity anomalies

(\/ P), and correlation between meridional wind anomalies and specific

humidity anomalies. In JJA, only \/? trends are significantly correlated

with v/q’ trends. This is explained in part by a decoupling between the
typical magnitude of wind and moisture anomalies in JJA compared to DJF
(Supplementary Fig. 5). This decoupling may be partly attributed to the
presence of sea ice during winter, which limits the moisture supply to the
atmosphere by restricting ocean—atmosphere exchange. Although trends in

V/v'% are more strongly correlated with trends in v'q' during DJF, its relative
amplification compared to the climatological mean is small, resulting in
only a modest contribution to the net amplification of meridional moisture

fluxes. Notably, the relationship appears nonlinear with disproportionately
large increases in v/q’ when V/ /2 is high. Similar, albeit more noisy, inter-

model relationships are found for short-term trends (Supplementary Fig. 6).
For this period, the linear fits with v' - ' correlation and meridional winds

are significant throughout the year. Reanalyses with smaller trends in \/q7
(e.g., ERA5) also exhibit smaller trends in v'_q', consistent with the behaviour
observed in CMIP6 models.

As an alternative perspective, we examine the relationship between
trends in moisture transport and trends in the background meridional
moisture gradient. Because lower latitudes moisten more rapidly than
Antarctica under Clausius-Clapeyron scaling, synoptic eddies can act to
relax the amplified gradient by enhancing poleward moisture transport.
This diffusive interpretation is also evaluated across the multi-model
ensemble (Fig. 8). In both seasons, we find a significant cross-model con-
nection between trends in the moisture gradient and trends in synoptic
moisture transport, with correlation coefficients of —0.83 in winter and
—0.77 in summer.

Overall, these findings suggest that better constraining atmospheric
moisture content is essential for reducing uncertainties in moisture trans-
port projections.

Eddy structural changes under future warming

Changes in eddy structure contributing to moisture flux trends are
assessed using one-point regression analysis (Fig. 9; see Methods).
Across all periods analyzed, enhanced synoptic-scale poleward moist-
ure transport is consistently associated with cyclonic circulation
anomalies to the west and anticyclonic circulation anomalies to the east
- which is consistent with the location of atmospheric rivers with
respect to cyclonic and anticyclonic systems” and anomalous
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Fig. 7 | Sources of inter-model spread. Relationship between moisture flux trends
(y-axes;) and trends in the three components (columns) of the mean meridional

moisture fluxes (Eq. 1) (x-axes) amongst the CMIP6 models at 700 hPa across the
latitude band of the Antarctic circle 60°-70°S for the SSP5-8.5 scenario (1980-2100)

in (a—c) JJA and (d-f) DJF. Trends are shown relative to the climatological values
over 1980-2022, expressed as a percentage. The p-value and correlation on the linear
fit amongst CMIP6 models are indicated in each panel. Significant trends are shown
with solid lines (p < 0.05).

circulation patterns associated with temperature extremes***>, While
the spatial structure of these synoptic circulation features remains stable
between 1980 and 2000 and 2080 and 2100, the amplitude of eddies
increases substantially. Wind anomalies strengthen modestly (13.4%),
while specific humidity anomalies and meridional moisture flux
anomalies intensify more sharply (56.7% and 48.9%, respectively),
underscoring the dominant role of moisture perturbations in influen-
cing future synoptic eddies.

Discussion

This study provides robust evidence that synoptic-scale moisture transport
to Antarctica is undergoing significant changes under global warming,
While short-term trends show limited scenario sensitivity, long-term pro-
jections reveal substantial amplification—particularly under high-emission
scenarios. These changes are most pronounced in summer and are driven
primarily by an increase in moisture content rather than circulation
changes.

While a large amplification of moisture transport to Antarctica is seen
in some mid and high-latitude sectors of the reanalysis record, these trends
are rarely significant along the Antarctic coast, consistent with findings from
previous studies™”. In contrast, the externally-forced trends captured by the
CMIP6 ensemble mean simulate widespread amplifying fluxes along the
Antarctic coast, particularly in summer for the same historical period. The

MPI-ESM1-2-LR ensemble spread shows that internal variability poten-
tially explains the observed differences, though model bias remains a pos-
sibility. Nonetheless, reanalysis trends in Western Antarctica, the Ross Sea,
and Eastern Antarctica are the exception, as their amplification clearly
exceeds the range of internal variability. Differences may also arise from
artificial trends stemming from changes in observing systems*”, particularly
in data-sparse regions like Antarctica, where reanalyses heavily rely on
satellite observations. Our results also indicate that reanalysis-derived trends
have not yet emerged as statistically distinct from the range of plausible
internal variability across the entire Antarctic Circle.

Future projections from CMIP6 models reveal a statistically robust and
substantial amplification of moisture transport across the Antarctic Circle
by synoptic eddies. This amplification is highly sensitive to the emission
scenarios, with accelerating trends under SSP5-8.5 and plateauing trends
under SSP2-4.5. It is the largest at around 180°E, north of the Ross Sea,
potentially influencing Antarctic bottom water formation*. These trends in
synoptic moisture transport account for a substantial fraction of the total
moisture transport trends, ranging from 24-58% in winter and 73-93% in
summer, depending on the emission scenario.

Projected trends are primarily driven by increases in the moisture
content of synoptic eddies, a thermodynamic response to warming”*”,
which also emerges as the dominant source of uncertainty across model
projections. This suggests that future trends in moisture transport towards
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Antarctica are not primarily driven by changes in the kinematic properties
of storm activity, as assessed with synoptic-scale wind variability. This
distinction is particularly evident in winter when the intensification of the
storm track leads to only modest changes in synoptic-scale meridional wind
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Fig. 8 | Meridional moisture gradient as a large-scale constraint on synoptic-scale
moisture fluxes. As in Fig. 7, but showing the relationship between trends in
synoptic moisture transport and trends in the background meridional moisture
gradient in (a) JJA and (b) DJE. Note that, unlike Fig. 7, raw (unnormalized) trends
are shown.

[1980, 20001
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variability, with limited correlation to moisture transport trends amongst
CMIP6 models. Rather, trends in moisture transport are found to be
strongly correlated with the trends in background meridional moisture
gradient, suggesting that when this gradient intensifies, synoptic eddies act
to relax this gradient by enhancing poleward moisture transport. We note
that the 2.5° x 2.5° grid used in this study does not fully resolve sub-grid
processes such as frontal structures, which may influence the background
meridional moisture gradient.

The amount of moisture reaching Antarctica is also strongly related
to the ambient temperatures along the Antarctic Circle, especially in
winter (Supplementary Fig. 7). This relationship can be explained by the
Clausius-Clapeyron relationship whereby warming increases atmo-
spheric moisture holding capacity. As a result, warmer saturated pole-
ward air streams carry significantly more moisture than their colder,
unsaturated equatorward counterparts, amplifying synoptic-scale
variability in specific humidity and moisture fluxes. Reducing uncer-
tainties in future projections of moisture transport to Antarctica may
therefore depend on improved constraints on atmospheric temperature
over the Antarctic Circle and its coastal regions.

Methods

Data

Reanalysis data are obtained for the fifth-generation reanalysis produced at
ECMWF (ERA5*), the Japanese 55-year Reanalysis (JRA-55*), the second
Modern-Era Retrospective analysis for Research and Applications
(MERRA-2"), the Climate Forecast System Reanalysis (CFSR*), and the
Climate Forecast System Version 2 (CFSv2*). CFSR, whose production
stopped in 2011, and CFSv2, its replacement, are merged to form a single
dataset. A reanalysis ensemble mean (REM) is obtained by averaging these
four reanalyses. Results based on ERA5 are emphasized because it has been
suggested as the most appropriate dataset for assessing moisture in
Antarctica".

The historical, Shared Socioeconomic Pathway 2-4.5 (SSP2-4.5), and
Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) scenarios are obtained for
27 models participating in the sixth phase of the Coupled Model Inter-
comparison Project’ (CMIP6): ACCESS-CM2, ACCESS-ESM1-5, CAMS-
CSM1-0, CESM2-WACCM, CMCC-CM2-SR5, CMCC-ESM2, CNRM-
CM6-1, CNRM-CM6-1-HR, CNRM-ESM2-1, CanESM5, EC-Earth3-CC,
EC-Earth3-Veg, EC-Earth3-Veg-LR, FGOALS-g3, GFDL-CM4, Had-
GEM3-GC31-LL, INM-CM4-8, INM-CM5-0, IPSL-CM6A-LR, MIROC-
ES2L, MIROC6, MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-ESM2-0,
NESM3, NorESM2-LM, and UKESM1-0-LL. The SSP2-4.5 “Middle of the
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Fig. 9 | Changing eddy structure and amplitude. The structure of wind (arrows),
meridional moisture flux (shading), and specific humidity (black contours) obtained
with one-point correlation analysis (see methods) at 700 hPa in DJF is shown for

(left) 1980-2000 and (middle) 2080-2100 in SSP5-8.5. The difference between the

two periods is shown to the right. The reference latitude-longitude grid point is
shown with a magenta x in each panel. The percentage of amplification of each
component at the reference grid point is indicated in the legend.
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Road” scenario corresponds to a world that continues along a trajectory
where social, economic, and technological trends remain consistent
with historical patterns, and the SSP5-8.5 “Fossil-fuelled Development”
scenario assumes an economy that is based on an intense demand for
fossil-fuel-based energy’™”'. Only the first ensemble member of these
models is considered, except for the MPI-ESM1-2-LR large ensemble,
for which 30 ensemble members are used to robustly assess the impact
of internal climatic variability. Unlike the spread among CMIP6
models, which arises from both internal variability and differences in
model physics, the spread among members of the large ensemble is
primarily driven by internal variability. This model is used here because
it is the only CMIP6 large ensemble that provides a sufficiently large
number of members with available output of required variables at a
temporal resolution suitable for analyzing synoptic moisture fluxes.
When analyzing trends, the historical and SSP scenarios are combined
to make a seamless record.

Variables considered include the meridional wind velocity (v; m s™"),
zonal wind velocity (u; m s™'), specific humidity (g; kg kg™'), and tem-
perature (T: K). All datasets are interpolated to the same 2.5 by 2.5 degrees
latitude and longitude grid and a subset of common pressure levels are kept
(100, 250, 500, 700, 850, and 1000 hPa) before calculations due to the limited
of vertical levels provided for CMIP6 models.

Moisture fluxes and decomposition

Synoptic meridional moisture fluxes (v'q’) are calculated based on daily-
averaged v and g onto which a 10-day high-pass filter is applied (denoted
with primes). This filtering primarily retains synoptic-scale weather systems
(see Fig. 9). Seasonal-mean fluxes (denoted with overbars), based on the
definition of the Pearson correlation coefficient (corr), can be expressed as

vq = corr(v/,q’)\/%\/cT7 ¢y

The contribution of each term to trends of v/q’ is estimated based on
the product rule of derivation as follows

AVq  Acorr(V,q — — L AVY2 =
v :_A(t )< v2><\/;>+<corr(v,q)> " < q2>

efficiency contribution

wind contribution
— 2
72

+{corr(v, q')>< F> Ath

moisture contribution

where AX/ At is assessed here by linearly regressing X with respect to time
(t) and where (X) represents the climatological mean.

When moisture fluxes are shown as vertically integrated fluxes
(denoted by square brackets) they are obtained by integrating fluxes from
the surface to 100 hPa:

L 1 oo
vVql=—-~ / v'q'dp 3)
8J ps
where ps is the surface pressure and g is the acceleration due to gravity
(9.81ms™).

It is worth noting that, when vertically integrated moisture fluxes are
seasonally averaged over a circular domain enclosing Antarctica, as done in
this study, and given that evaporation over Antarctica is negligible, the
resulting flux represents the total amount of water vapour that ultimately
precipitates within the enclosed domain.

We further note that the high-pass filtering employed to extract
synoptic variability is incompatible with missing data. Therefore, vq' is
unavailable for a given pressure level when this level is located below the
surface for one day within a season. The method is therefore not adequate to
measure near-surface fluxes. It should be adequate, however, to assess the

eddy poleward transport of moisture, which happens primarily above 900
hPa surrounding Antarctica”. To ensure a fair comparison of vertically-
integrated moisture fluxes, a common land mask is applied amongst rea-
nalyses and models before calculating the vertical integral. We found
however, that the results are not sensitive to whether a common land mask is
used or not.

For the REM and the CMIP6 multi-model mean, moisture fluxes are
first averaged seasonally and then across datasets, after which trends are
assessed from the resulting mean time series.

Eddy structure analysis

Changes in eddy structure between the periods 1980-2000 and 2080-2100
are assessed by performing a one-point regression analysis™ at 700 hPa and
65°S. The reference variable is the daily synoptic meridional moisture flux,
v'q. A reference longitude A (e.g., 60 ° W) is first selected, defining a
reference point at 60°W, 65°S. The v/q’ time series at this point is stan-
dardized separately for each period. This yields a unit-variance reference
series used to regress the spatial fields, allowing direct comparison of eddy
structures across the two periods.

The structure of eddies associated with typical fluctuations of v'q’ at the
reference point is obtained by regressing atmospheric fields at each sur-
rounding grid point onto the standardized reference time series. Regression
maps are generated over a domain spanning 45° S to 80° S meridionally 50°
west to 50° east of the reference longitude (e.g., from 10°W - 110°W in this
example). The regressed variables include specific humidity (¢), meridional
(v') and zonal (1) wind components, as well as meridional moisture flux
(v'q) itself.

This procedure yields spatial patterns that represent the eddy
structures associated with fluctuations in v'q’ at the reference location,
equivalent to to a standard one-point regression analysis centered at 60°
W, 65°S. To derive a pattern representative of multiple longitudes—for
example, 60° W and 100° W—the regression framework is extended by
first combining information from both reference points before per-
forming the regression.

Specifically, the regression domain surrounding each reference
longitude is recast into a coordinate system defined relative to its
respective reference point. The standardized v'q’ time series from the two
reference locations are then concatenated, effectively pooling the asso-
ciated samples into a single composite reference series. Atmospheric
variables expressed in the same relative coordinate system are subse-
quently regressed onto this combined reference time series. The resulting
regression map thus captures the eddy structure associated with the
combined variability of v'q’ from both the 60° W and 100° W reference
longitudes.

To obtain an eddy structure that is representative of conditions around
the entire Antarctic Circle, we apply the same procedure to the regression
domains centered at all longitudes along 65°S. This regression analysis is
performed for DJF using CESM2-WACCM, whose meridional moisture
flux trends closely resemble the multi-model mean (Fig. 7).

Field significance
To assess the robustness of spatial patterns in trend significance, we eval-
uated field significance™, which accounts for multiple hypothesis testing and
spatial correlation among grid points. We used a false discovery control
value (aFDR) of 0.1.

Data availability

MERRA-2 was obtained from the NASA Goddard Earth Sciences Data and
Information Services Center (https://disc.gsfc.nasa.gov/datasets?project=
MERRA-2). CFSR, CFSv2, and JRA-55 data were obtained from the
research data archive (RDA; https://rda.ucar.edu/). ERA5 was obtained
from the climate data store (https://doi.org/10.24381/cds.bd0915c6).
CMIP6 model data were obtained from the Earth System Grid Federation
(e.g. https://esgf-nodellnl.gov/projects/cmip6/). Code can be provided
upon request.
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