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Concomitant variability in high-latitude aerosols,
water isotopes and the hydrologic cycle

Bradley R. Markle"?*, Eric J. Steig®, Gerard H. Roe', Gisela Winckler® and Joseph R. McConnell*

The interpretation of ice-core records rests on understanding the processes affecting trace constituents of the atmosphere that
are preserved in ice. Stable-isotope ratios of ice are widely used as a palaeothermometer, an interpretation backed by well-
established theory. In contrast, the interpretation of aerosols such as mineral dust and sea salts has remained a topic of debate.
Here, we demonstrate that both the fractionation of water isotopes and the scavenging of aerosols are fundamentally driven by
the same process, the condensation of water from the atmosphere. Water isotope ratios and aerosol concentrations in ice cores
are remarkably coherent on all timescales longer than a few centuries. This shared low-frequency variability is dominated by
the essential physics of the hydrologic cycle, which also accounts for the difference in variability between marine- and terres-
trial-sourced aerosols in ice cores, as well as the global spatial pattern of aerosol changes recorded in both marine sediments
and ice. These results have implications for past changes in radiative forcing and other fundamental aspects of climate, such as
polar amplification, which are imprinted on the relationships between these proxy records.

reflect the integrated evaporation and condensation history of

moisture in the atmosphere and are a commonly used proxy
for condensation temperature'~’. Aerosols, including dust and sea-
salt, are transported from lower-latitude sources to Antarctica and
preserved as impurities in the ice**. Ice-core records of dust and
sea-salt show orders-of-magnitude variability between climate
states””. While the origin of this variability is debated, there is a
long-standing view that changes in aerosol source emissions are
the primary driver’'".

Numerous environmental conditions influence dust source
emission strength, including wind speed’, gustiness'?, aridity, con-
tinental-shelf area, soil moisture, land cover, vegetation®'*'* and
glacial activity'>'®. South America is the dominant source area for
dust reaching Antarctica'”'®. The environmental conditions that
influence sea-salt emissions are less clear®'. Sea spray is a source
of aerosolized sea salts that depends on wind speed and open-
ocean area’. Frost flowers on sea ice are also a source of sea-salt
aerosols?, although evidence that this source makes a substantial
contribution to Antarctic ice impurities is mixed”*'. While sea-salt
emissions are often linked to sea ice area, even the sign of this rela-
tionship is debated®"’.

A striking covariation is consistently observed between water
isotope ratios and impurities in Antarctic ice cores'"**** (Fig. 1).
It has been claimed that this correspondence reflects broad cou-
pling of the climate system”'"*, linking disparate environmental
features such as Antarctic temperature and the variety of factors
that influence South American dust emission and Southern Ocean
sea-salt sources.

Proxy records from the West Antarctic Ice Sheet Divide ice core
(WDC)***, the highest-resolution Antarctic records to span the
last deglaciation, reveal the nature of the relationship between
Antarctic water isotopes and aerosols in unprecedented detail. The
0"80 variability in WDC is highly anticorrelated with the logarithm
of the concentration of non-sea-salt calcium (nssCa, directly related

Stable-isotope ratios of oxygen and hydrogen in polar ice

to the dust impurity) and sea-salt sodium (ssNa). The complete
WDC impurity records from 6 ka to 67 ka (ka is thousand years ago)
are presented here. The exponential relationship to water isotope
variability explains more than 75% of the variance in the dust record
(coefficient of correlation r=—0.87 for nssCa) and 65% of the vari-
ance in the sea-salt record (r=—0.83 for ssNa). This relationship
consistently describes the records at multi-centennial, millennial
and orbital timescales (Supplementary Information).

The evident simplicity of the relationship between water isotopes
and aerosols stands in contrast to the ambiguity in the prevailing
paradigm. It would be surprising if the processes driving dust and
sea-salt emission were to covary so consistently, both with one
another and with the independent processes driving water isotope
distillation. Further, the processes that could lead to 10-fold to 100-
fold changes in either dust or sea-salt emissions remain unknown.
Comprehensive climate models that include many mechanisms for
aerosol emission changes do not reproduce such large variability
in aerosol source strength between climate states'*'®'®**”, Finally,
changes in dust sources cannot explain why mid-latitude sediment-
core records of dust deposition nearer to the dust sources show order-
of-magnitude less variability than those from Antarctica'®*-?$-%,

A simple water isotope and aerosol model

Parsimony suggests that a single mechanism unites the water isotope
and aerosol records. The clear exponential relationships shown in
Fig. 1c call for exponential physics. We propose that the correlation
between these proxies may be readily explained if their variability
on climatological timescales is primarily driven by the condensation
and precipitation of water.

High-latitude water isotope ratios are widely understood to
record the progressive distillation of water transported toward the
poles'~. Central to this process is the exponential dependence of
the atmosphere’s saturated vapour pressure on temperature, the
Clausius-Clapeyron relation, which drives the condensation and
precipitation of moisture.
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Fig. 1| Data from the WAIS Divide ice core. a, WDC §®0 (top, light blue), nssCa (middle, dark blue) and ssNa (bottom, red). Note the inverted axes

of aerosols. b, Low-pass filtered records (§'°0 and the log of the aerosol concentrations, inverted), presented as z-score anomalies (difference from the
record mean, divided by the standard deviation). High-frequency variability (>1/300yr~") removed with a low-pass Butterworth filter. ¢, WDC 50 plotted
against nssCa (blue) and ssNa (red). Time series are from 6 ka to 68 ka; aerosol data are available only from below the brittle zone of the core. Stable-
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- Rvemow? / RJ/%MOW, where R;fmwe is the number ratio of heavy to light

oxygen isotopes in a sample, R'® = ?O, and RJ,%MOW is the number ratio in Vienna Standard Mean Ocean Water (VSMOW). ppb, parts per 10°.
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Aerosols are removed from the atmosphere by wet and dry
deposition®’'. Globally, wet deposition is the dominant mechanism
of aerosol removal”’; aerosols act as condensation nuclei and are
scavenged by precipitation®”. Dry deposition involves gravitational
settling and turbulent interaction with the surface’. The amount of
aerosol removed from the atmosphere by either wet or dry deposition
depends on the concentration’®. This leads to exponential decay of
aerosol concentration during transport from the source (Methods).

The idea that the processes of condensation and rainout may
drive aerosol variability on long timescales is not new?’, although its
relevance has been debated®®'"'*!%. Because water isotope ratios are
driven by the same fundamental process, the relationships between
these proxies can provide novel constraints on the role of the hydro-
logic cycle. Here, we investigate the influence of progressive rain-
out on both aerosols and water isotope ratios, and determine what
relationships between them should be expected due to this process.

We construct a simple model of water isotope distillation and aero-
sol rainout (Methods). We consider a latitudinal temperature gradi-
ent from the mid-latitudes to the pole, and the transport of moisture
and aerosols down this gradient. Moisture is removed from the atmo-
sphere due to the condensation implied by the temperature depen-
dence of the Clausius—Clapeyron relation. Water isotopes are distilled
from characteristic source regions** to the deposition site following
well-established fractionation equations“>****. Aerosols are trans-
ported from source regions'®** and removed from the atmosphere
by rainout, accounting for characteristic scavenging efficiencies

and the latitudinal distribution of precipitation (see Methods and
Supplementary Information). Due to rainout, the natural logarithm
of the aerosol concentration along the transport path is inversely
proportional to the integrated precipitation along the path.

Results

We first consider the modern Southern Hemisphere temperature
gradient” (Fig. 2a, red line) and the associated latitudinal profile in
the saturated mixing ratio (Fig. 2b), which dictates condensation
during transport. This moisture distillation leads to the well-known
poleward depletion of water isotope ratios in precipitation (Fig. 2c).
We calculate the change in aerosol concentration of nssCa and ssNa
owing to the integrated precipitation (Fig. 2d). Aerosol concentra-
tions decay exponentially by several orders of magnitude between
source and final deposition in Antarctica, in agreement both with
observations of modern atmospheric aerosol burdens and with cal-
culations from comprehensive models”.

We next examine the effect of cooling temperature uniformly at
all latitudes (Fig. 2, yellow lines), as well as cooling to a temperature
gradient representative of the Last Glacial Maximum (LGM; blue
lines). The LGM was ~10°C colder at the WDC site**, while tropical
temperatures were ~3-4°C colder®*. Initial aerosol source concen-
trations are assumed to be fixed.

Colder temperature profiles deplete the 60O of precipitation at
high latitudes (Fig. 2c), reflecting increases in moisture distillation.
The same hydrologic changes exponentially increase the aerosol
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Fig. 2 | Simple model results for zonal mean temperature gradients.

a, Zonal mean Southern Hemisphere temperature: modern (red), cooled
3°C (yellow) and LGM-like (blue). The following panels show modelled
variables for each of these mean states. b, Saturated mixing ratio of

the atmosphere. ¢, The 60 of precipitation along the path from the
evaporation source (45°S) toward the pole. d, Atmospheric aerosol
concentration along the path from the initial source for nssCa (35°S) and
ssNa (60°5S). Initial aerosol concentrations are fixed between states, and
we assume no dry deposition for simplicity. We use scavenging efficiencies
for nssCa and ssNa based on central estimates from a compilation of
studies (Supplementary Table 1).

concentration reaching higher latitudes (Fig. 2d). In a colder cli-
mate, the atmosphere holds less moisture, has a reduced gradient in
the saturated mixing ratio and thus has less integrated precipitation

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

between the source and deposition sites. Exponentially more aero-
sols are able to reach the polar regions in cold climates simply
because exponentially fewer are removed along the way, indepen-
dent of any changes in the source emission.

We integrate our model through a spectrum of temperature pro-
files, from modern to LGM-like, to reproduce the range of water
isotope variability observed in the WDC record. We calculate the
associated changes in aerosol concentration owing to changes in wet
removal and calculate the amplification of concentrations between
climate states. The amplification factor of an aerosol concentration
is the change in concentration with respect to a reference period (the
LGM in this comparison). We compare the modelled relationships of
high-latitude water isotopes to dust and sea-salt amplification with
those same relationships observed in the ice-core record (Fig. 3).

We assess the model’s sensitivity to source emission strength,
source latitude, the mass-scavenging ratio and polar ampli-
fication. Our conclusions are robust to both uncertainty and
plausible variability in all of these parameters (Fig. 3b-d and
Supplementary Information).

Discussion

Our results show that temperature-driven changes in rainout lead to
orders-of-magnitude changes in Antarctic aerosol concentrations,
in excellent agreement with ice-core records. No changes in source
emission or transport time are required. The condensation and
rainout process naturally leads to the observed negative-exponen-
tial relationship between aerosol concentrations and water isotope
ratios. This relationship does not arise from coupling of disparate
parts of the climate system for which aerosols and water isotopes
are independent proxies. Rather, the condensation history of the
atmosphere drives concomitant variability in both water isotopes
and aerosols. Specifically, aerosol concentrations vary inversely and
exponentially with the total amount of moisture removed from the
atmosphere between mid- and high latitudes, which increases with
mean temperature. Water isotope ratios reflect total atmospheric
distillation, the fraction of mid-latitude moisture that reaches the
high latitudes, which also increases with global temperature. This is
the ultimate source of the negative-exponential relationship, which
accounts for the overwhelming majority of the variance (>80%) in
the records, particularly at multi-centennial and longer timescales.
Explanations of long-term high-latitude aerosol variability that rely
on source emission strength alone are not inherently exponential.

Our model accounts for important features of the proxy records
that have either remained unexplained or required multiple sepa-
rate explanations. For example, marine aerosols (such as ssNa) show
smaller glacial-interglacial change than terrestrial aerosols such as
dust and nssCa, and thus a shallower slope in the relationship to
water isotopes (Fig. 3). Our calculations show that this is a result of
the different mean source latitudes for ssNa and nssCa. While the
scavenging efficiencies of the two aerosols are similar, the Southern
Ocean source of marine aerosols is closer to Antarctica than the
continental source of dust. Marine aerosols thus experience less of
the rainout pathway and therefore less variability due to changes in
integrated rainout.

The relationship between source latitude and integrated rain-
out explains why South America, rather than other Southern
Hemisphere continents, is the dominant dust source for
Antarctica'”'. Aerosols from more northerly sources must transit
more of the meridional temperature gradient and rainout pathway
and are thus exponentially less likely to reach Antarctica on average
(Supplementary Information).

Additional factors certainly contribute to variability in the aero-
sol records. At timescales shorter than multi-centennial, the nega-
tive-exponential relationship between water isotopes and aerosols is
overwhelmed by other high-frequency variability (Supplementary
Information), accounting for the scatter around the modelled
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relationship (Fig. 3). This scatter has a log-normal distribution, which
is expected if the variability is modulated by an underlying, inherently
exponential process such as rainout. The longer the rainout pathway,
the more the exponential physics dominates the signal over the noise.
This is why terrestrial aerosols, which have a longer pathway than
marine aerosols, show a larger signal-to-noise ratio (Fig. 1).

The importance of the rainout process is not limited to Antarctica.
We compare §'°0 and nssCa from WDC with an equivalent record
from the opposite pole: the Greenland Ice-core Project (GRIP)
ice-core record" (Fig. 4a). The GRIP and WDC sites have similar
modern temperature, accumulation and 680 values®, as well as
similar glacial-interglacial changes in §'®O. The amplification of
GRIP nssCa since the LGM is nearly identical to that at the WDC
site. Both records show the same negative-exponential relationship
between nssCa and 6'°0, with similar scatter. These remarkable
similarities arise even though the time series themselves are distinct
between the hemispheres, with different patterns of millennial vari-
ability and timings of deglaciation. Greenland and Antarctica have
separate dust sources with different sensitivities to source region
conditions such as windiness, aridity, vegetation and continental-
shelf expansion'. It is prohibitively unlikely that this wide range of
variables would consistently combine to result in dust variability at
each pole that has an identical exponential relationship to local §'*O.
In contrast, the observed §'*0 variability requires a change in atmo-
spheric condensation that our model predicts must have driven the
observed orders-of-magnitude variability in dust aerosols reaching
those sites, regardless of changes in dust emission.

The rainout model predicts that the difference in aerosol concen-
trations between climate states should increase exponentially toward
the pole from the aerosol source (Fig. 2). We compare Antarctic
dust records (WDC nssCa, as well as nssCa and dust flux from the
European Project for Ice Coring in Antarctica (EPICA) ice core from

Dome Concordia (EDC))*»** with two marine sediment-core dust
flux records (corrected for sediment redistribution)*, from the South
Atlantic and downwind of South American dust sources, and with a
suite of South Pacific marine sediment-core records* from north of
the WDC site (Fig. 4b). All of the records show more dust during the
LGM, but while the ice-core records show 20-fold to 100-fold ampli-
fication, the marine records are amplified by factors of just 3 to 6.

We examine the global pattern of LGM dust amplification
revealed by the above records and two compilations of dust flux
changes, one from marine sediment cores that have been corrected
for sediment redistribution*, and another of dust flux changes from
additional sediment-core and ice-core records'®. The global spatial
pattern shows unambiguous exponential poleward amplification of
dust changes in the mid- and high latitudes, correctly predicted by
our rainout model (Fig. 4c,d). This global spatial pattern is inconsis-
tent with source region dust emissions being the dominant source of
glacial-interglacial variability, which would lead to equal amplifica-
tion at all latitudes. In fact, as shown in Fig. 4d, we should expect
a poleward increase in dust due to reduced rainout, even if source
emissions decreased during the LGM.

Aerosol emissions change with global climate. However, the low-
frequency variability in ice-core records is not necessarily evidence
of these changes. Lower-latitude records may provide more insight
into dust source dynamics and are consistent with 0.5-fold to 4-fold
changes, with a central estimate of a 2-fold to 3-fold source emission
increase during the LGM. They show no evidence for the 10-fold to
100-fold changes seen in ice cores.

While the rainout mechanism correctly predicts the negative-
exponential relationship between aerosols and water isotopes, we
note that the slope of this relationship in WDC is reduced at the
most enriched 60 values (the Holocene). This pattern, a change
in the negative-exponential slope during warmer climates, is also

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE ARTICLES

a Site records:
® WDC nssCa
® GRIP nssCa

10%¢

10% |

o
SR

-
o

nssCa concentration
amplification factor

_.
S

_k
3
&

90°N 1
60° N |
30°N |

0°

Latitude

30°S

60° S

90° S

NN Qo‘o 6’((/ 6’@
® & ¢
Longitude

° o o

S O \]
KB IR:

b Southern Hemisphere dust aerosol records:
— WDC nssCa South Atlantic dust
EDC dust South Atlantic dust
EDC nssCa = South Pacific dust
80
70 +
60 |
]
§ 50
c
LS 401
©
L
£ 301
[=%
€
< 20+t
10
of o
10 20 30 40
Age (ka)
d
10% ¢
(0]
S
o
£ 10
c
il
©
Re}
£
£
<
10

2 9 @ N S e
X & Y o & Y
Latitude

Fig. 4 | Global pattern of dust changes. a, §°0 and nssCa amplification (with respect to early Holocene 6-10ka) from WDC (blue) and GRIP (red).

b, Time series of Southern Hemisphere dust aerosol amplification records: WDC nssCa (blue); EDC nssCa (light blue); EDC dust (cyan); two marine dust
flux records, corrected for sediment redistribution, from the South Atlantic*® (orange and pink); and several South Pacific records® (purple). ¢, Locations
of records in a and b (coloured consistently), as well as nssCa records from the North Greenland Ice-core Project and the Greenland Ice Sheet Project 2
(red)*, and two global compilations of dust flux changes, one from marine sediment cores corrected for sediment redistribution** (black filled circles)
and a second from additional sediment and ice cores™ (open circles). d, Dust amplification against latitude for all records shown in €. The expected global
spatial pattern of dust aerosol amplification from the simple model, given rainout poleward of 35°N and 35°S, and no change in source emission (dark
blue line). Shading shows the influence of 1/3-fold to 3-fold change in source emission.

observed in Greenland* and in East Antarctic dust records across
multiple glacial cycles'™** (Supplementary Fig. 8). Sea-salt records
also show curvature in the negative-exponential relationship, but
of opposite sign to that in the dust* (Supplementary Information).

The rainout model does not predict a strictly linear relationship
between the log of aerosol concentrations and the water isotope
ratios. Due to its influence on integrated condensation, changes in
the Equator-to-pole temperature gradient (such as polar amplifica-
tion) can result in curvature of the negative-exponential relation-
ship. The shape of this curvature depends on both the source latitude
of each aerosol and the ice-core site latitude. However, the essential
negative-exponential relationship is robust to uncertainty in the
magnitude of polar amplification. Moreover, physically plausible
patterns of polar amplification result in the observed sign of curva-
ture in the relationships of both sea salts and dust (Supplementary
Information). A change in the scavenging efficiency with climate
would also influence these slopes.

Our results suggest that the condensation process dominates
high-latitude aerosol variability, but this is not the only source of
variability. Changes in aerosol source strength and source latitude,
acting concurrently with rainout, will also change the slope of the
negative-exponential relationship. The flattening of the relationship
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in WDC during the Holocene is consistent with a modest increase in
source emission and/or a poleward shift of source latitude during the
Holocene (Fig. 3). Likewise, a relatively small increase in interglacial
dust source strength and/or a modest poleward shift in interglacial
source latitude, superimposed on the dominant rainout process,
would consistently explain the dust relationship observed in East
Antarctica across the last eight glacial cycles (Supplementary Fig. 9).

By accounting for the influence of the rainout process, it may
be possible to reconstruct changes in other sources of aerosol vari-
ability. Because this requires quantifying small deviations from
a logarithmic process, such reconstructions must contend with
uncertainty in that process, particularly in the scavenging efficiency.

Conclusions

Precipitation in the mid-latitudes is the principal barrier to aero-
sols reaching the poles. The hydrologic cycle drives concomitant
variability in the dust, sea-salt and water isotope proxies and domi-
nates the relationships between them at all timescales longer than
several centuries. The rainout process explains the magnitude of
variability in both terrestrial and marine-sourced aerosols and
leads to a coherent view of the global pattern of dust changes across
glacial cycles.
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Our findings have important implications for the interpretation
of aerosol proxy records and past climate. For example, the use of
sea-salt records from ice cores as a proxy for sea ice extent has been
widely debated (for example, refs *'?). We suggest that rather than
faithfully recording such changes, the ice-core records of sea-salt
variability primarily reflect changes in the strength of the hydro-
logic cycle. Similarly, changes in iron concentration in ice cores,
which vary along with other dust proxies’, have been used to infer
the importance of iron fertilization in Southern Ocean productiv-
ity and CO, uptake®. Our results suggest that these Antarctica-
based constraints overestimate the changes in iron delivery to the
Southern Ocean.

Understanding the global spatial pattern of aerosol changes,
particularly dust, is important to understanding past radiative forc-
ing due to changes in aerosol optical depth. If dust source emission
changes were the primary driver of the ice-core aerosol records,
then orders-of-magnitude change in aerosol concentrations would
be implied at all latitudes between glacial and interglacial periods. In
contrast, our analysis suggests that due to the rainout effect, changes
in aerosol concentrations were comparatively muted at lower lati-
tudes, but strongly amplified toward the poles. The accompany-
ing pattern of radiative forcing (Supplementary Information) may
have important implications for how the climate system changed
between the last glacial period and today.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0210-9.
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Methods

Data. Water isotopes. WDC 6'°0 was measured at IsoLab, University of
Washington, and published previously’>*". Measurement techniques are described
in ref. **. Measurements were made at 0.5m depth-averaged resolution, using laser
spectroscopy (Picarro L2120-i analyser). Data are reported relative to Vienna
Standard Mean Ocean Water (VSMOW) and normalized to Standard Light
Antarctic Precipitation (SLAP). Measurement resolution is generally better than
40yr per sample for the 67 ka record, with a mean temporal resolution of 17.2yr
per sample between 10ka and 67 ka. Measurement uncertainties are less than
0.08%o (1 s.d.) for §'*0.

Aerosols. The marine-sourced and non-marine-sourced components of the
sodium and calcium impurities of ice are, respectively, ssNa and nssCa. WDC

ice impurities were measured at the Ultra-Trace Chemistry Laboratory at the
Desert Research Institute, using a continuous flow system and inductively coupled
plasma mass spectrometry*”**. While parts of these records have been published
previously”>*>***, the full records are presented here. The effective sampling
resolution is ~1 cm. Because the elements Ca and Na appear in both mineral dust
and sea salts, those ions alone are not unique identifiers of the aerosols of interest.
We use standard calculations to isolate the sea-salt component of the sodium

and the non-sea-salt component of the calcium records. These are calculated by
accounting for Na/Ca mass ratios of 26.3 for marine aerosols and 0.562 for average
crust composition™".

Aerosol amplification factors, presented throughout, represent normalized
changes in concentration for the WDC record. We also present amplification
factors of aerosol fluxes for EDC and the EPICA Dronning Maud Land ice core
(EDML). Because of the high accumulation rate in West Antarctica, changes
in WDC aerosol concentrations are a faithful representation of past changes
in the overlying atmospheric aerosol concentration, whereas the flux is a more
appropriate quantification for atmospheric concentration at low accumulation sites
such as those of EDC and EDML">*. The difference between flux and concentration
is at most a factor of two at all sites, owing to changes in accumulation®*>*,

a minor consideration given the orders-of-magnitude aerosol change observed in
the records. It is interesting to note, however, that at the WDC site, the correlation
between §"*0O and accumulation is high at orbital timescales, but degrades at
millennial and shorter timescales™ (Supplementary Information). This relationship
is largely assumed to be fixed at many East Antarctic sites, where accumulation
may not be calculated independently from water isotope records. The assumption
that the relationship between water isotopes and accumulation is fixed may
obscure true variability in calculated East Antarctic aerosol fluxes, although it is
probably unimportant for the timescales investigated here.

Simple atmospheric transport, water isotope and aerosol model. Here, we
describe the framework of the simple rainout model. We are interested in
understanding centennial and longer variability in the water isotope and aerosol
records. The relevant climate variables are well mixed and roughly zonally
symmetric in the Southern Hemisphere at these timescales. We assume only
that the mean transport depends on the mean climate and that the statistics are
reasonably stationary.

We consider air transported from the surface in the mid-latitudes toward
the pole. We assume pseudoadiabatic cooling during transport following the
meridional temperature gradient. The temperature dependence of the moisture
content of the atmosphere is described by the Clausius—Clapeyron relation:

1d, L
e,dT RT?

()]

where the change in saturated vapour pressure, e, with temperature, T, depends
on the latent heat, L, and specific gas constant, R Equation (1) and the assumption
of pseudoadiabatic cooling together describe the changes with temperature of the
saturated mixing ratio, . We account for mixed ice and liquid in the atmosphere
and the difference in the associated vapour pressures. Our results are robust to the
details of the mixed-phase nature of the pathway, as well as the pseudoadiabatic
assumption; an isobaric assumption leads to the same conclusions.

We assume that as the air cools, moisture is removed owing to the temperature-
driven changes in the saturated mixing ratio: all moisture above saturation (or
supersaturation) is immediately removed as precipitation. This is a simplified view
of large-scale precipitation resulting from moisture transport down a temperature
gradient and follows previous moisture transport frameworks used to understand
ice-core records"*”

The moisture removal, water isotope distillation and aerosol removal equations
are integrated along temperature profiles and projected onto a latitudinal grid.

y, TR/

i Xi—Xj—1

with sufficiently small Ax=x,—x,_,, where y is the dependent varlable, xisagrid
variable such as latitude or temperature, and subscript i refers to the ith element of
the vectors y and x.

Aerosols are transported from source latitudes toward the poles. In the
Southern Hemisphere, we use an effective mean dust emission latitude of 35°S and
an effective sea-salt emission latitude of 60°S, corresponding to idealized South

We use Euler numerics in both the water isotope and aerosol models,

American and Southern Ocean sources, respectively, and in line with satellite
observations™ and models'*.

The amount of aerosol removed from the atmosphere, by either Wet or dry
removal, depends on the concentration of aerosol in the atmosphere, 3 « C (C is
the atmospheric concentration of aerosol), which leads to the inherent exponent1al
decay of aerosol concentrations as they are transported from the source:

C=Cpe* (2)

where C, is the initial source concentration, x is a grid variable such as time,
distance or latitude, and y is a characteristic length scale or timescale determined
by the combined wet and dry removal.

The relationship between the concentration of an aerosol in the atmosphere,

C,;: (which by convention has units & ae“’“‘]) and that in precipitation, C,, (in

units 82790l ) resulting from scavengmg and rainout, is quantified by the mass-
& precipitation
scavenging ratio®’:

C._ .
=P, 3)
air
gaeresol. -8 aeresol (ref. (‘).
g prec:pmltlon gair
The change in aerosol concentration of the atmosphere owing to wet
removal depends on C,,, ® and the amount of moisture removed, —P (in units
gprecipitation) wwhere the negative sign denotes that moisture is leaving the air.

where p,;, is the density of air, and w has units

gair
Thus, the dependence of aerosol concentration on latitude, ¢, is determined by
the temperature dependence of the saturated mixing ratio, :é and the change in

temperature with latltude

dr,dT
ar dp

dCair
Cair (4)

d¢ ]we( = _Pcprccippair

To assess changes in aerosol concentrations due solely to wet removal, equation (4)
is integrated from the initial source latitude, ¢,, and C; to the final deposition
latitude, yielding an exponential decay equation similar to equation (2).

The aerosol mass-scavenging ratios for calcium and sodium are measured
empirically and of orders 1x 10° to 2X 10 in units of _gacrosol . gaerosol o
g PYEClPl[aﬂOn gar
use central values (1,400 for nssCa and 1,500 for ssNa) from a compilation of
empirical measurements of this parameter (Supplementary Information). We
test the sensitivity of the model to uncertainty in this parameter (Fig. 3b and
Supplementary Information).

We are primarily concerned with changes in aerosol concentration due to wet
removal. For completeness, a dry deposition term may be added to equation (4):

[ dcair ]
d¢ dry
in which additional dry removal of an aerosol depends on its concentration, a dry
deposition rate, v,,,, and the amount of time spent transiting a latitude band, which

depends on the meridional wind speed, w(¢), a function of latitude. Integrating the
combined wet and dry removal across latitude gives

dt C,nrvdry
air dryd¢ ) (5)
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Once integrated, the first term in the exponent is the scavenging efficiency
multiplied by the integrated precipitation, —a / P(¢), or simply —w(q,—q(¢)),
where g is the atmospheric moisture and the negative sign reflects removal of
the moisture from the atmosphere. The second term in the exponent is the
integrated dry deposition rate, which, for now, we call —D. If we use the prime
symbol to denote a new climate state, then, at a given high-latitude site, the aerosol
amplification factor is

c' Cée’("' [P@)+D')
€ gelofr) @

Previous work suggests that dry deposition processes and transport
efficiency did not change substantially between climate states’. If v, and w(¢)
are constant, and assuming fixed source emission, the amplification factor of
aerosol concentrations between climate states depends on changes in integrated
precipitation only:

C _ o frwr-[rw) ®

C

The aerosols and water that reach an ice-core site are transported along
overlapping latitudinal pathways that obey the same thermodynamics. We use
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an effective moisture source latitude of 45°S for the WDC site, as estimated by
a moisture-tagged general circulation model experiment™, and initialize water
isotopes according to representative source region conditions. Water isotopes
are distilled to the deposition site following well-established fractionation
equations">***, We use a Rayleigh-type distillation model“***** in which

din (R) _

amp ! ©)
where R and « are the isotopic ratio and fractionation factor, respectively. The
variable fis the fraction of initial water vapour remaining in the air parcel,
Fo ) 25D

90 Vs(‘ﬁ[})

We account for both equilibrium and non-equilibrium fractionation
of water isotopes, mixed ice and liquid phases, and source region conditions,
and use a parameterized supersaturation. While similar to previous models*"*,
we make several improvements, including updated fractionation factors*>***,
consistent saturation and supersaturation conditions between the water
isotope fractionation and the physical moisture pathway, temperature dependence
of liquid/ice-phase mixing on the basis of satellite measurements™, which
together result in fidelity to modern 6'°0, 6D (the normalized deuterium
and hydrogen ratio in the water, calculated along with §"0), and
temperature observations™.

The fundamental origin of the negative-exponential relationship between
aerosols and water isotopes can be seen by considering a simplified scenario. Using
the definition of a delta value, assuming an initial isotopic value of the vapour, ,,
and assuming constant @, equation (9) can be integrated to find the delta value of
the vapour at any point along the cooling path:

a—1
s=¢,|L (10)
9
Considering a change between climate states, then
, a—=1 a—1
As=o-s=5,||L| -|L (11)
4y 9y

With equations (11) and (8), and recalling that the Clausius—Clapeyron relation
is a nonlinear function of temperature, we can compare Ad and log(%) at a site
for a change in climate mean state. As mean temperature increases, integrated
precipitation increases (owing to Clausius-Clapeyron), and thus log %
decreases. Concomitantly, as temperature increases, so do 4 (also a result of
Clausius—Clapeyron) and Aé. Thus, Ad and log %) are in@ersely related at high-

latitude sites for a change in mean climate temperature. The full model accounts
for temperature-driven changes in a, mixed ice/liquid phases in the parcel,
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equilibrium and kinetic fractionation, supersaturation, isotope source effects and
changes in i_T all of which contribute to the results. The negative-exponential

s
5

relationship, however, is more fundamental than any of these effects.

Data availability. All WDC data presented here will be available at the United
States Antarctic Program Data Center. The WDC water isotope ratio data are
identified by https://doi.org/10.17911/SOMW2F and the impurity data by https://
doi.org/10.15784/601008.

Code availability. MATLAB code for the simple model is available from the
corresponding author upon request.
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S1. SENSITIVITY OF SIMPLE RAINOUT MODEL

We investigate sensitivities in our model to uncertainties and plausible variability in
the factors related to the wet removal of aerosols, including the mass-scavenging ratio,
initial source concentration, source emission latitude, and polar amplification.

S1.1. Mass-Scavenging Ratio. The mass-scavenging ratio is empirically derived and
relates the concentration of an aerosol in precipitation to the concentration in air!,

C .
W=~ pair (S1)

Cair
where pg;, is the density of air2. We use estimates for each aerosol based on a compilation
of scavenging ratios measured across a range of mid and high latitude environments
(discussed in Section S6 and summarized in Table S1). Both calcium and sodium
aerosols have a mass-scavenging ratio of magnitude 1-2 x 103 . pgr :Z;‘l’lsaotlm - & C;e;;’:"l,
though the precise values are uncertain. Reasonable estimates (1400 for nssCa and 1500
for ssNa) from our compilation account for the entire range of variability observed in

both aerosols in the WDC record.

Because the mass-scavenging ratio is in the exponent of the rainout equations, un-
certainty in this parameter could be important. This uncertainty may reflect inherent
difficulty in measuring the scavenging parameter or true variance that depends on climate
and microphysics. We test the sensitivity of our model results for calcium to a range of
mass-scavenging ratios (1400 + 500) as shown in Figure 3. The sensitivity of sodium is
similar.

It is important to note that all interpretations of the variability in high-latitude aerosols
are subject to the uncertainty in the scavenging efficiency. If the the mass-scavenging
ratio were less than our estimates, some amount of variability in the aerosol records could
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be accounted for by other sources of variability, such as changes in source emission.
However, if the scavenging coefficient were greater, an equally likely scenario, then
source emission changes of the opposite sign would be implied.

S1.2. Initial source concentration. Changes in aerosol source emission lead to linear
amplification of aerosols along the deposition path. Figure 3c shows the spread in the
modeled relationship between water isotopes and aerosols associated with 1/3- to 3-fold
changes in initial aerosol concentration at any instant in time. In Figure S1 we compare
the measured nssCa variability in WDC to predicted nssCa variability based solely on the
modeled relationship between §'80 and nssCa and the measured ¢'80 in WDC. The log
of the real and modeled WDC nssCa are extremely well correlated, » = 0.91, p < 0.01,
indicating the model can explain >80% of the variance in the nssCa record. We also
show the time series of predicted nssCa if source emissions either doubled or halved
from the LGM to 10 ka. Temporal changes in source strength will alter the shape of
the relationship between water isotopes and aerosols in Figure 3. We cannot rule out
2-3 fold increases or decreases of source emission strength based on the ice-core data
alone; such changes are within the spread of observations in Figure 3 and within the
uncertainty of other model parameters, particularly the scavenging efficiency.

S1.3. Source-emission latitude. The latitude of aerosol source-emission determines
the influence of the rainout effect. Aerosols emitted from a lower latitude source must
be transported through a greater temperature gradient to reach Antarctica, and thus
experience more integrated rainout and greater amplification due to changes in rainout,
than those emitted from higher latitudes. Several lines of evidence indicate South
America is the dominant source of Antarctic dust**. The CESM Large Ensemble
Experiment® shows dust aerosol burdens to peak between 30° and 35°S (see below),
while other studies highlight South American dust-production regions between 37°S and
42°S*. For Southern Hemisphere sea-salts, satellite observations and models® indicate
that the dominant source region is the Southern Ocean between 50° and 65°S, though
there may be contribution from higher latitude sea ice as well (e.g ref”).

The initial source emission of a given aerosol may be distributed over a range of
latitude. We approximate aerosol emissions as originating from a single effective source-
latitude, ¢o, using 35°S for terrestrial dust and 60°S for sea salt. These effective source-
latitudes may be uncertain, may be variable within a mean state, and may change between
mean states. In Figure 3d we show the range of variability in aerosol amplification factor
associated with a +10° and -10° variation in the source latitude of calcium. If source
latitudes for dust, sea salts, or moisture changed with climate, the slope of the negative
exponential isotope-aerosol relationship could be altered. Small changes in source
latitude (e.g.< 5°) could be difficult to detect as they may be within the noise of the
records or within the uncertainty of other factors. We investigate the potential influence
of source latitude changes on an 800 thousand year record of dust changes below.

The importance of a generic aerosol source-latitude to a particular site can be quanti-
fied by calculating a wet-removal weighting function which accounts for the integrated
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Ficure S1. a) WDC nssCa record compared to the predicted variability
based solely from the WDC 6'80 (low pass filtered, frequencies > 3001yrs
removed) and the rainout model. We also show the expected variability
in the predicted in nssCa associated with a temporal increase or decrease
in the initial source strength, Cy. Note inverted y-axis. b) The idealized

temporal changes in Cj are shown in the inset.

rainout experienced by an aerosol between all possible starting latitudes and the final
latitude of deposition at an ice-core site. The perceived aerosol source region for a given
site in Antarctica is the latitudinal distribution of aerosol emission convoluted with the
wet-removal weighting function. In Figure S2a and b we show the wet-removal weight-
ing function for Southern Hemisphere aerosols reaching 75°S, in linear and log-scale,
respectively. The distribution is equal to the relative amount of aerosol arriving at the
final ice-core site (e.g. 75°S) as a function of source latitude (with equal emission, Cy,
at all latitudes). Hypothetical aerosols with an initial source-latitude at 75°S will have a
weighting of 1, i.e. no removal. The weighting function decreases exponentially toward
the equator. For reference, the latitudinal histogram of land area of Southern Hemisphere
continents (South America, Africa, and Australia) are shown in Figure S2c and the area
of the Southern Hemisphere oceans shown in Figure S2d. Emissions of terrestrial dust
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and marine sea-salts depend on the available area of their respective sources, as well as
other factors including production rates, wind speed, and entrainment.

A result of the wet-removal weighting function in Figure S2 is that the perceived
aerosol source-latitude, from the perspective of an ice-core site, may be closer to the pole
than the latitude of the mean or peak of the distribution of aerosol emission. This may give
a natural explanation for why most Antarctic dust comes from South America rather than
other potential sources like Australia and South Africa. By the time they reach Antarctica,
aerosols emitted from 30°S, for example, may be reduced in concentration by orders
of magnitude compared to those emitted from 40°S. Because South America extends
more than 10° of latitude poleward than either Australia or South Africa, dust from
South America would have an exponentially greater probability of reaching Antarctica,
even if source emissions for each region were identical. Likewise, this effect, together
with circulation patterns, can help explain why geochemical fingerprinting of LGM and
interglacial dust deposited in Antarctica point to a southern South American provenance,
perhaps as far south as 50°S (e.g. refs®?), while paleoclimate modeling* and modern
observations ' suggest the peak dust emissions in South America are at lower latitudes.
Higher latitude dust-production sources, such as Patagonian® and New Zealand glaciers,
are likely more important to Antarctica than larger-area but lower-latitude sources.

S1.4. Polar amplification. Polar amplification is the change in the meridional tem-
perature gradient, Z—;, with mean climate. Estimates from models'! and paleoclimate
data!? suggest that, since the LGM, the highest latitudes warmed on the order of 4°C
for every degree of low latitude warming. Total glacial-interglacial change at WDC is
estimated at about 10°C 314, Results in Figure 3 are for a polar amplification of 4°C of
high latitude warming per 1°C of equatorial warming, prescribed linearly with latitude.
However, polar amplification in the real climate was not likely linear with latitude. Dur-
ing transport water, dust, and sea salts experience overlapping, but distinct, segments of
the rainout pathway. Because of this, the relationships between the aerosols and water
isotopes may record the spatial pattern of polar amplification.

We test the behavior of the rainout model to idealized spatial patterns of polar ampli-
fication (Figure S3). Importantly, global temperature change with no polar amplification
would still result in large glacial-interglacial changes in Antarctic aerosols, and the
negative-exponential relationship with water isotopes. Because the saturation vapor
pressure scales nonlinearly with temperature, even equal temperature change at all lati-
tudes leads to changes in the gradient of moisture and thus condensation and wet-removal
of aerosols. However, a polar amplification of 4°C of high latitude warming per 1°C
of equatorial warming, in line with evidence "2, more faithfully captures the relative
slopes between ssNa and 6'30 and nssCa and ¢'80 compared to warming without po-
lar amplification. We calculate the zonal-mean pattern of polar amplification from the
ECHAM4.6 GCM run under preindustrial and LGM boundary conditions %16, which
is consistent with previous GCM modeling experiments (e.g. ref'!). This pattern of
polar amplification results curvature in the §'80-to-log(ssNa) and 6'80-to-log(nssCa)
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Ficure S2. a) The wet-removal weighting function, with w = 1700,
for equal emission from all Southern Hemisphere latitudes for aerosols
reaching 75°S. b) same as a) but on a log axis. c¢) The land area as a
function of latitude for the major Southern Hemisphere continents. d)
Surface area as a function of latitude for the Southern Hemisphere oceans.

relationships and is distinct from the curvature resulting from polar amplification that is
linear with latitude. This curvature comes from differences in the relative warming of
overlapping latitudinal segments of the rainout path, and varies between ice-core sites.
In Figure S3 we show the nssCa flux, ssNa flux, and ¢ 180 records from the East Antarctic
EPICA Dome C (EDC) and EPICA Dronning Maud Land (EDML) ice-core records 7 in
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addition to the records from WDC. The East Antarctic records show stronger curvature in
the 6'80-to-log(ssNa) relationship than the West Antarctic record. This result is similar
to the relationships driven by the ECHAMA4.6 pattern of polar amplification; colder sites
show stronger curvature in the §'80-to-log(ssNa) relationship.

We next investigate the influence of temporal variability in the pattern of polar ampli-
fication on the aerosol-water isotope relationship. We use an energy balance model '%:1°
to produce temperature profiles for a range of mean-state temperatures. We alter the
physics in the model to produce different zonal-mean patterns of polar amplification, as
well as patterns of polar amplification that change with mean temperature (and would
thus be temporal changes in polar amplification in a changing climate, Figure S4).

In the energy balance model (EBM)'%!° the spatial pattern of downward radiative
forcing is specified, upward emission is parameterized based on a linearization with
temperature, and horizontal heat transport is based on heat diffusion. All scenarios are
initialized to match the modern meridional temperature gradient. The top-of-atmosphere
radiative forcing is perturbed and the model allowed to come to equilibrium to produce
different mean states. The physics of the horizontal transport is varied in our experiments
to produce different patterns of polar amplification. We examine 1) horizontal heat
transport driven by dry thermal diffusion; 2) heat transport driven by the down gradient
diffusion of moist static energy (MSE)!3 rather than dry thermal energy; and 3) heat
transport driven by MSE diffusion with the addition of an ice-albedo feedback, in which
surface albedo changes with temperature (specifically the albedo is 0.3 for latitudes
warmer than -10°C and 0.6 for those colder). We use the resulting suite of self-
consistent pole-to-equator temperature gradients from each set of scenarios to drive the
water-isotope and aerosol-rainout model. We test the sensitivity of the relationships
between water-isotopes and aerosols under transient conditions with different patterns
of polar amplification. In Scenario 1), simple dry diffusion leads to polar damping:
for every degree of equatorial warming the poles experience a fraction of a degree.
Scenarios 2) and 3) result in polar amplification with spatial patterns that change with
the mean-state temperature.

The influence of the polar amplification scenarios on the relationship between water
isotopes and nssCa and ssNa aerosols for an ice-core site at 80°S is shown in Figure S4.
All patterns of polar amplification drive rainout that leads to a negative exponential
relationship between aerosols and water isotopes. Further, we see that the nature of polar
amplification and its temporal evolution is imprinted upon the nssCa-water isotope and
ssNa-water isotope relationships. For example, in Scenario 3 the moving ice/albedo edge
shifts the peak of polar amplification equatorward with a cooling climate. This evolving
polar amplification changes the slope in the exponential §'30-to-nssCa relationship, in
fact inverting the slight curvature seen in Scenario 1. The calcium records in the WDC,
EDC, and EDML ice core all show curvature of this sign (Figure S3c). While it is not
possible, from these tests alone, to uniquely ascribe the second derivative of the water-
isotope-to-aerosol relationship in the ice-core records to polar amplification, our results
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demonstrate that the spatial and temporal patterns of polar amplification are imprinted
upon the relationships between these proxies.
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Ficure S3. a) Three patterns of polar amplification (degree of warm-
ing per degree of equatorial warming). "Flat": equal warming at all
latitudes. "Linear": linearly increasing amplification toward the pole.
"GCM": pattern of warming from preindustrial-LGM ECHAM4.6 con-
trol runs. b) Relationship between modeled 6 180, nssCa, and ssNa for
three different patterns of polar amplification at three sites representative
of the isotope values at WDC, EDML, and EDC. c) Relationship be-
tween 6'80 and nssCa (blue) and 6'80 and ssNa (red), for WDC, EDC,
and EDML. Aerosol data are presented as amplification factors from the
LGM. Aerosol data are amplification of concentration for WDC, and of
flux for EDC and EDML.
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Ficure S4. Influence of polar amplification on aerosol-water isotope re-
lationships. The left panels show spatial patterns (degree of warming with
latitude per degree of equatorial warming) from three different energy
balance scenarios. Top: dry thermal diffusion (note this actually leads to
polar damping of temperature change). Middle: moist thermal diffusion.
The different colored lines reflect the spatial pattern of polar amplifica-
tion with relative changes in global mean temperature. Red colors are
warmer mean-state temperatures while blue colors are colder mean-state
temperatures. Bottom: moist thermal diffusion with ice-albedo feedback.
Colors represent relative change in global mean temperature. The right
column shows the associated patterns of ssNa (red) and nssCa (blue) con-
centration change with water isotope change at 80°S. Note the changing
curvature, particularly in nssCa.
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S2. TIMESCALES

Here we investigate the timescale dependence of the relationship between water iso-
topes and aerosols. In Figure S5, we show the relationship between the WDC ¢'30
and log(nssCa) records filtered for different frequency bands of variability. We exam-
ine the following times scales: the full record (>40,000 to 10 yr periods); >10,000 yr;
>1,000 yr; 10,000-1,000 yr; 5,000-1,000 yr; 2,000-500 yr; and <1,000 yr periods of
variability. At all but the shortest periods (<1,000 yr), §'30 and log(nssCa) are similarly
well-correlated and with similar slopes. There is some indication of a steeper slope at
the longest timescales, but the differences in slope are small.

The spectral coherence of WDC ¢ 180 and log(nssCa), as well as 6 180 and log(ssNa)
(interpolated to even 10 yr/sample spacing), are shown in Figure S6. The records are
significantly coherent from orbital to multi-centennial timescales. At periods shorter
than multi-centennial the water-isotope and aerosol records are not significantly coherent.
By comparison WDC §'80 and local accumulation, for example, are not significantly
coherent at timescales shorter than multi-millennial ?°.

This analysis suggests that the same processes that drive the relationship between
water isotopes and aerosols on glacial-interglacial timescales are the same as the process
driving their relationship on millennial timescales. This leaves only a limited role for
mechanisms driving aerosol variance that may have specific long timescales associated
with them, such as Southern Hemisphere glacial activity or large-scale biome changes.
This analysis does not suggest that those processes do not affect source emissions, only
that their variance is not the dominant driver of the variance in the ice-core record.
On shorter timescales, the water-isotope aerosol relationship is overwhelmed by other,
unshared, sources of variability.

The observation, mentioned above, that WDC §'30 and log(nssCa) are more coherent
to finer timescales, than 680 and local accumulation is important. If dust emissions
were the primary driver of the WDC nssCa record, this observation would lead to a
surprising conclusion: that the processes driving dust emission in South America and
those driving water-isotope distillation to West Antarctica are more connected than
the processes driving water-isotope distillation to West Antarctica and those driving
snow accumulation in West Antarctica. Such a conclusion seems inherently unlikely.
The rainout model provides a simpler explanation for this apparent dissonance. The
accumulation at WDC is dependent on moisture removal from the atmosphere at the
latitude of WDC (éwpc), —P(dwpc) in Equation 4, plus a variety of weather- and
preservation-related noise. In the rainout model —P(¢) is determined by the saturated
mixing ratio gradient at ¢, though in reality is also influenced by weather-related noise.
The 6'80 and log(nssCa) at WDC are also dependent on —P(¢wpc), but importantly
both depend on the integration of —P from their respective source latitudes through
the mid- and high-latitudes, from ¢o to ¢wpc. That integration, through overlapping
latitudinal segments, reduces the influence of unshared noise on the resulting parameters.
This naturally leads to the result that ¢ 180, log(nssCa), and accumulation at the ice core
site are all coherent at the longest timescales, but that 6'30 and log(nssCa) are more
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Ficure S5. Comparison of WDC water isotope and aerosol records at
different timescales of variability. All filtering was done with a fourth-
order Butterworth filter. Data are presented as z-score anomalies. Slopes
(m) of the linear fit between filtered 6'30 and log(nssCa) are shown in
each panel. a) The full WDC ¢ 18P and log(nssCa) record (blue); low
pass filtered records with periods >10,000 yr (red); and low pass filtered
records with periods >1,000 yr (gold). b) Same as a) but for the full
records (blue); band pass filtered records with 10,000-1,000 yr periods
(red); and 5,000-1,000 yr periods (gold). ¢) Same as a) but for the full
records (blue); band pass filtered records with 2,000-500 yr periods (red);
and high pass filtered records with <1,000 yr periods (gold).

coherent at shorter timescales since the influence of noise is damped by the shared
integration.
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FIGURE S6. Multitaper spectral coherence of WDC ¢'80 and log(nssCa)
(blue), 680 and log(ssNa) (red), and ¢ 180 and local accumulation
(gold)?°. Coherence above the dashed black line is significantly coherent
at the 95% confidence limit.

S3. AEROSOL VARIABILITY ACROSS MULTIPLE GLACIAL CYCLES

The negative-exponential relationship between aerosols and water isotopes is consis-
tent across the vast majority of the domain in the WDC record including the glacial
period and deglaciation (Figure S7). As noted in the main text, however, the slope of
the relationship changes, specifically flattens, at interglacial 6 180 values, though this is
a small fraction of the total range in the WDC records. Of interest is whether this is a
persistent feature of interglacial periods and whether it suggests a change in the nature
of the rainout process or the influence of other sources of aerosol variability.

This change in slope in the Holocene appears to be consistent across Antarctica and is
seen in the EDC and EDML nssCa flux records?! covering the same interval (Figure S3),
as well as the Vostok dust?2, Siple Dome calcium?3, and Talos Dome iron records?*.
The East Antarctic ssNa records?! show a change in slope of the negative-exponential
relationship of the opposite sign, that is flattening at the coldest 6'80 values, rather than
at the warmest.

As shown above (Figure S4), these types of changes in the slope are consistent with
patterns of polar amplification influencing the rainout process, which cause contrasting
slope changes between dust and sea salts within the same climate and different expression
between sites. Changes in the scavenging efficiency with climate could also lead to
changes in the slope of the aerosol water-isotope relationship. While plausible, we have
no a priori expectation for changes in scavenging efficiency, though the required change
would not be particularly large given the uncertainty in the parameter even in the modern
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Ficure S7. Water isotope and aerosol records from WDC. Top: WDC
6'80 colored by age interval. Bottom left and bottom right: nssCa vs
§'80 and ssNa vs ¢'80, respectively, both colored by age interval (in yrs
binned by 5000 yr blocks).

climate (see Table S1). Other sources of aerosol variability, such as changes in source
latitude or strength, could also change the slope of the relationship.

To assess the consistency of this relationship across multiple glacial cycles and the
potential role of other sources of variability, we examine the 800 thousand year dust
concentration record from EDC% (Figure S8a). We calculate the mean and median of
the distribution of dust concentration for binned 6D values (Figure S8b). Over multiple
warm periods, the relationship shows a clear change in slope, though continues to be
negative and exponential even at the highest ¢ values (Figure S8c).

At high accumulation sites like WDC, changes in the aerosol concentration in ice
well-reflect those of the concentration in precipitation and air. At low accumulation sites
like EDC, where dry deposition is a significant fraction of the total aerosol accumulation,
the concentration in ice is affected by the dry-deposition and snow-accumulation rates,
as well as the concentration in precipitation and air. Using the simple model, we
calculate the aerosol concentration in ice for the EDC site to directly compare to the dust
concentration as measured. The concentration in ice is

Cuirv
Cice = —ar 7y + Cprecip (S2)

apwater

where vy, is the dry deposition rate (about 0.1 to 0.3 cm s~! for high latitude icesheets?)
and a is the snow accumulation rate (about 3 cm yr~! at the modern EDC site?>), which
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Ficure S8. Measured relationship between dust concentration in ice and
oD at EDC for 800 ka. a) Dust concentration in ice (Cjce, ug/kg)
versus 6D at EDC?%26, colored by the age of the sample. b) Measured
relationship (blue dots) and mean (black, open circles) and median (black,
filled circles) C;., for binned 6D values. c) Fitted log-linear relationships
for all data (red), the data when 6D > —405%c (yellow), and the data
when 6D < —405%o (purple).

we assume is proportional to removal of atmospheric moisture at the grid point in the
model and which changes with climate.

The changes in slope in the EDC dust water-isotope relationship are consistent with
a poleward migration of aerosol source latitude during interglacials and/or an increase
in the aerosol-source strength during interglacials (the opposite sign of the prevailing
paradigm for source strength changes). To demonstrate this we run the rainout model
through a range of climate states to reproduce the water-isotope variability at the EDC
site.

We consider a climate-state dependent change in mean dust-source latitude (¢g),
(Figure S9a-b), as well as an idealized change in dust-source strength (Cp) that increases
during warmer climates (Figure S9c-d). We find that a modest change of 1.5° in dust-
source latitude agrees well with the change in slope in the data, as would a 3-fold increase
in dust-source strength. Finally, concurrent changes in rainout, dust-source latitude, and
source strength can together influence the slope of the dust water-isotope relationship
(Figure S9e-f), and can readily explain the complexity in the observed slope changes.

These idealized patterns are not meant to be reconstructions of ¢g or Cyp in the past,
but simply demonstrations of their effect on the dust water-isotope relationship. We note
that even in these cases, the rainout effect dominates the aerosol variability. These other
sources appear to reduce variability that might be otherwise expected, merely changing
the slope of the relationship with water isotopes.
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The average of mid-latitude records for the most recent glacial-interglacial transition
(Figure 4) suggest a decrease, rather than increase, of dust emission strength during the
warm period, the opposite sign of the idealized changes imposed in Figure S9. While a
3-fold increase during interglacials is narrowly within the spread of some lower-latitude
estimates for the Holocene, it is not of those from marine records corrected for sediment
redistribution?’. The marine and ice-core records together with our modeling may
suggest that a poleward shift in dust source latitude is the more likely source for these
changes than an increase in total dust emission. The log-normal scatter around the
negative-exponential relationship increases slightly during the warm periods, coincident
with the change in slope. This too is consistent with a poleward migration of the dust-
source latitude. A poleward shift of the distribution of dust emission is consistent with
a relative increase in emission form higher-latitude sources, which would be those most
important to Antarctica (Figure S2). Such a poleward shift in source latitude and/or an
increase in (higher-latitude) dust-source strength may be consistent with the interglacial
retreat of South American glaciers.

These observations and modeling are not sufficient on their own to uniquely identify
either a change in source strength or latitude, though such conclusions may be possible
with more comprehensive analysis. This does, however, highlight the value of our
approach. The rainout process provides a well-justified model of the system, from which
deviations should be used to identify intervals of interest and quantify the influence of
other sources of variability.
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Ficure S9. Observed and modeled relationship between dust concentra-
tion in ice and 6D for EDC across multiple glacial cycles. a) Anidealized
change in mean dust source latitude (¢¢) with climate (represented by 6D
at the EDC site). b) Measured concentration of dust (Cjc., ug/kg) and
6D of ice at EDC 232 (blue dots). Mean (black, open circles) and median
(black, filled circles) Cj., for binned 6D values. Modeled relationship
between Cj., and 6D at EDC due to the rainout process (yellow) and the
rainout process plus the change in ¢ shown in panel a (red). wgy,s; = 1700
for results shown here. ¢) An idealized pattern of changing dust source
strength amplification (Cp Amp.) with changing climate. d) Same as
panel b) but for the modeled relationship (green) due to the rainout pro-
cess and the changing C shown in panel c¢). e) Idealized change in ¢o and
Co Amp. that increases during the warmest climate. f) Same as panel
b) but for the modeled relationship (light blue) due to the rainout process
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S4. AEROSOLS AND RAINOUT IN COMPREHENSIVE MODELS

Aerosols such as dust and sea salts are simulated in comprehensive climate mod-
els 2830, However comparisons of paleoclimate records and simulations of past changes
in dust production and deposition have yielded mixed results. In general the simulations
do not reproduce orders-of-magnitude changes in dust-source emissions*3!=33, Many
models do reproduce 2-3 fold changes in low- to mid-latitude dust emissions during the
LGM*31532 in agreement with low-latitude proxy records>?. Some models do not find
significant changes in dust lifetime in the LGM compared to modern but also underes-
timate changes in Antarctic deposition of dust by orders of magnitude3'—3. It has been
been suggested that early global dust models lacked the necessary complexity in dust
source region dynamics to reproduce the variability recorded in ice cores, but thorough
investigations of many dust-production mechanisms are still unable to yield 10-100 fold
changes in production3. There is recent indication that models may underestimate the
efficiency of aerosol rainout and thus the changes in aerosol lifetime for a given change
in precipitation. For example ref.3? doubled dust solubility and below-cloud scavenging,
which improved the spatial patterns of dust burden compared to modern observations and
significantly increased simulated LGM changes in Antarctic dust deposition compared
to previous studies*3°.

We examine model results from the CESM Large Ensemble Experiment”, run under
different sets of boundary conditions. We examine mean fields from 100 years of an
1850 control run and the means of the first 94 years of an RCP8.5 forcing scenario. The
nature of the change in boundary conditions isn’t important in this test; we are simply
interested in the changes in the hydrological cycle and aerosols for a given change in
mean state. In Figure S10 we show that changes in mean temperature lead to changes
in integrated precipitation that increase toward the poles. These changes in integrated
precipitation are in turn associated with exponential changes in high-latitude aerosols,
both dust and sea salts, between their sources and deposition sites, in agreement with
the results of our model. The change in aerosols are shown as amplification from their
initial source strength, identified as the peak aerosol burden in the zonal mean (about
35°S for dust and 60°S for sea salts in this model). Changes in sea salts are muted
compared to those of dust, just as in our model. It is interesting that the source-emission
strengths of both aerosols are actually increased in the warmer mean state (the RCP 8.5
scenario) compared to the colder mean state (the 1850 scenario). However, changes in
the hydrologic cycle are strong enough to overwhelm this source-emission effect for both
aerosols: despite increases in source emission, absolute aerosol burdens over Antarctica
in the warm scenario are less than the cold scenario. This analysis demonstrates that
the underlying physics of the rainout model, while a simplification of more complex
dynamics, are robust. Changes in the hydrologic cycle and rainout dominate changes in
high-latitude aerosols.

While the GCM displays poleward changes in aerosols as predicted by the rainout
model, the magnitude of the poleward depletion is less than in the simple rainout model
when run with the zonal mean temperature profiles from the 1850 and RCP 8.5 scenarios.
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There may be several sources for this discrepancy including the rudimentary estimation
of precipitation and aerosol rainout in the simple model. However, there is a strong
indication that CESM actually underestimates the strength of the scavenging process in
these control runs. As seen in Figure S10, dust burden decays by about 1.5 orders of
magnitude from the midlatitudes to the pole in the control run. Modern observations
however suggest this decay should be on the scale of 3-4 orders of magnitude*3°. If the
model is underestimating the current strength of the rainout process, that is the amount
of aerosol removed for a given amount of precipitation, it will also underestimate the
changes in aerosols driven by the rainout process, perhaps by orders of magnitude.
As noted above, ref.?° find that by significantly increasing the strength of scavenging
in CAM (the atmosphere component of CESM) they are better able to match modern
observations and past changes.
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Ficure S10. a) Zonal mean, century mean Southern Hemisphere surface
temperature for the 1850 (blue) and RCP 8.5 (red) scenarios. b) Integrated
monthly precipitation between 35°S and the pole for both scenarios. c)
Dust aerosol burden (kg m2) as a fraction of source strength for both
scenarios. sea-salt aerosol burden (kg m2) as a fraction of source strength
for both scenarios.

S5. IMPLICATIONS FOR AEROSOL INFLUENCE ON PAST RADIATIVE FORCING

Aerosols affect the radiation budget of the climate system both directly through scatter-
ing and absorption and indirectly through interaction with clouds*. The aerosol optical
depth quantifies the extinction of incoming solar radiation by dust in the atmosphere and
scales with the atmospheric dust burden. Uncertainty in the magnitude of dust aerosol
forcing in the past is one of the largest sources of uncertainty in estimating climate
sensitivity from paleoclimate data®>. Spatial heterogeneity in that forcing is especially
uncertain®,

The interpretation of the cause of aerosol variability in ice cores has important im-

plications for the magnitude and spatial pattern of past changes in the atmospheric dust
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burden, optical depth, and radiative forcing. If dust-emission strength is the primary
driver of ice-core aerosol variability, this implies order-of-magnitude changes in the
aerosol optical depth everywhere between the midlatitude source and the high latitudes.
If, on the other hand, the rainout process is the dominant driver of ice-core variability,
there may have been order-of-magnitude changes at the poles, but comparatively little
change at mid- and low-latitude sources. This has important implications for changes in
the magnitude and variability of past radiative forcing and its spatial pattern, which in
turn has implications for climate sensitivity and feedbacks.

Here we examine the zonal-mean dust burden and the 500 nm aerosol optical depth
from the 100 year preindustrial experiment from the CESM Large Ensemble?, shown
in Figure S11a. The two variables are well correlated, particularly in the mid- and
high-latitudes of the Northern Hemisphere (NH) and Southern Hemisphere (SH), Figure
S11b, reflecting the well-known link between dust aerosols and radiative forcing3*. In
Figure S1lc and d, we show schematics of possible past spatial patterns of Southern
Hemisphere aerosol optical depth, based on the correlation of aerosol optical depth to
aerosol burden in the model. In red, we show the preindustrial pattern from the CESM
Large Ensemble. In light blue, we show the same pattern but multiplied by an order of
magnitude across all latitudes, a pattern that might be expected if ice-core variability
primarily reflects source-emission changes (LG M,,rc.). In contrast, we also show
a schematic pattern that might be expected if ice-core records predominantly reflect
variability in the rainout process as described in this study (LG M, 4inous, dark blue).

Studies which take ice-core aerosol records to reflect the temporal variability of
global aerosol radiative forcing (e.g. ref3>36) overestimate changes in radiative forcing
between the glacial and interglacial and may miss important changes in the spatial pattern
of that forcing. Studies ignoring changes in aerosol radiative forcing (e.g. ref!!) likely
underestimate changes in the global mean forcing and spatial pattern. In the Paleoclimate
Model Intercomparison Project, for example, models either compute aerosols on-line
or use the preindustrial aerosol loading?”, for past climate scenarios. The preindustrial
pattern likely underestimates changes in forcing in the middle and high latitudes. The
extent to which models with on-line aerosols underestimate the rainout effect’® may
bias the simulated spatial pattern of aerosol loading and associated radiative forcing.
The paleoclimate data support a spatial pattern of aerosol optical depth during the LGM
that had modest and potentially variable amplification at the middle and low latitudes,
but exponential amplification of aerosol optical depth toward the poles (Figure 4 and
Figure S12).
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scenarios: one in which preindustrial dust burdens are amplified by an
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large dust-emission changes; and another in which dust burdens show no
change at the source but are amplified toward the pole due to changes in
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S6. COMPILATION OF MASS SCAVENGING EFFICIENCIES

The mass-scavenging ratio, w, quantifies the efficiency of wet removal, with units

7 pgr ::l;?:;fwn - & ‘;e;?r”l. Measured empirically, this ratio is influenced by both in-cloud
and below-cloud processes. We here compile measurements of the mass-scavenging ratio
for calcium and sodium from several previous compilations >3840, and the references
therein. The summary statistics for calcium and sodium are presented in Table S1.
The measurements compiled in Table S1 are predominantly from Northern Hemisphere
midlatitude and polar environments. There is considerable variance in the measured
mass-scavenging ratios, likely reflecting both environmental variability and the difficulty
of the measurements. For both calcium and sodium, the data indicate central values in
the range of 1-2x10°. Values within this range may be equally likely. As presented
above, our results are robust to uncertainty of w within this range.

Empirical Mass-Scavenging ratio, w

\ aerosol H n \ minimum \ maximum \ mean \ median \ 25" percentile \ 75" percentile \

Calcium || 14 320 3983 1528 | 1267 892 1815

Sodium | 16 360 7106 1910 | 1002 523 2300

TaBLE S1. Compilation of mass-scavenging ratios from refs >3840, Sum-
mary statistics for both calcium and sodium include the number of inde-
pendent measurements, #n; the minimum, maximum, mean and median
of those measurements; as well as the 25% to 75t percentile bounds of
those measurements.
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