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a b s t r a c t
The last time Earth’s climate experienced geologically rapid global warming was associated with the last
glacial termination, when atmospheric CO2 concentrations rose from 180 ppmv during the Last Glacial
Maximum (LGM, 26-19 kaBP) to ∼260 ppmv by the early Holocene (12-8 kaBP). About one quarter of that
difference is thought to be due to a stronger biological pump during glacial times, driven by increased
aeolian dust deposition and hence greater iron availability in ocean surface waters. However, dust supply
did not change uniformly or in synchrony over the deglacial transition and what is not known is the
relative importance of different oceanic regions and how this may have changed in time. Using an Earth
system model of intermediate complexity, we quantify the sensitivity of atmospheric CO2 to regional
changes in iron supply, and test six different global dust reconstructions in order to explore uncertainty
in past dust changes. We conﬁrm the Southern Ocean (>34◦ S) as the region most sensitive to iron
fertilization, with the Atlantic and Paciﬁc sectors accounting for about 41 ± 23% and 16 ± 10%, respectively,
of the total CO2 reduction from global iron fertilization. However, the North Paciﬁc contributes 28 ± 3% to
the total implying an important role for Northern Hemisphere processes in driving deglacial CO2 rise. In
addition, our analysis reveals an unexpected regional-temporal disparity, and while Southern Hemisphere
iron fertilization inﬂuences atmospheric CO2 relatively constantly throughout the termination the impact
of the Northern Hemisphere only occurs during the later stages of the termination.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Over the last 800,000 years Earth’s climate has alternated between cold glacial and warm interglacial stages (Jouzel et al., 2007;
Lisiecki and Raymo, 2005), with global temperature and atmospheric CO2 variations being intrinsically linked in a strong linear
relationship (Fischer et al., 2010), (Bereiter et al., 2015). Atmospheric CO2 is hence thought to be one of the main internal feedback mechanisms of Earth’s climate system for large-scale climatic
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change (Chowdhry Beeman et al., 2019; Shakun et al., 2012). Understanding the cause of the variations in CO2 , which during the
last 800,000 years were lower during glacials (170-190 ppmv) than
during interglacials (250-300 ppmv) (Bereiter et al., 2015), is thus
central to understanding glacial-interglacial climates variability as
a whole.
Mineral dust aerosols also inﬂuence climate through radiative
processes such as absorption and scattering of photons (Tegen
et al., 1996), and modiﬁcation of cloud properties (Lohmann and
Feichter, 2005), as well as through their impact on biogeochemistry (Martin et al., 1991; Tagliabue et al., 2017). Their atmospheric abundance changes through the glacial-interglacial cycles,
and higher atmospheric dust concentrations during glacial times
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may have helped cool climate by up to one third of the glacial
maximum-interglacial temperature difference through scattering of
solar radiation and lowering of atmospheric CO2 concentrations
through iron fertilization (IF) of the oceans (Shaffer and Lambert,
2018). However, unlike greenhouse gases, dust deposition ﬂuxes
appear to be exponentially linked to temperature and CO2 changes
(Lambert et al., 2008; Ridgwell, 2003; Shaffer and Lambert, 2018),
with dust values remaining low for much of the early glacial stages
but reaching maximum deposition during glacial maxima (Lambert
et al., 2008; Lamy et al., 2014; Pourmand et al., 2004; Serno et
al., 2015). The sharp reduction in atmospheric dust concentrations
during glacial-interglacial transitions may therefore have had a signiﬁcant impact on CO2 and temperature (Watson et al., 2000).
Why atmospheric CO2 was lower during glacial times is understood in principle (Fischer et al., 2010). At the LGM atmospheric CO2 concentrations were 80-100 ppmv lower than during
the Holocene (Bereiter et al., 2015). A large fraction of this difference (40-50 ppmv) is thought to be due to increased glacial
oceanic stratiﬁcation and subsequent accumulation of CO2 in the
deep ocean layers (Francois et al., 1997). Another 20 ppmv may be
due to stimulation of ocean surface biological activity through micronutrient supply by mineral dust particles (Köhler and Fischer,
2006; Lambert et al., 2015). The sum of various additional processes (sea-ice cover, terrestrial biosphere carbon storage, ocean
salinity and temperature, remineralization depth, ocean carbonate compensation, non-aeolian iron sources) likely accounts for
the rest (Chikamoto et al., 2012; Fischer et al., 2010; Sigman and
Boyle, 2000; Tagliabue et al., 2017). Although numerous studies
have created proxy-based constraints on past marine productivity
(Anderson et al., 2014; Chase et al., 2003; Kohfeld and Chase, 2011;
Lamy et al., 2014; Pourmand et al., 2004) and CO2 outgassing from
the ocean (Martínez-Botí et al., 2015), these records only show the
sum of all processes that affect productivity and CO2 exchanges
in that place and parsing out the global atmospheric CO2 impacts
from carbon cycle changes occurring at individual sites or regions
is challenging.
The mechanism by which a reduction of atmospheric CO2 can
occur through increased dust deposition, is an intensiﬁcation of the
biological pump (Hain et al., 2014). Some regions of the world’s
ocean are rich in macronutrients (e.g. phosphate, nitrate) but depleted in the micronutrient iron, inhibiting biological growth (the
so-called High Nutrient Low Chlorophyll -HNLC- regions, Fig. 1)
(Martin et al., 1991). Higher dust deposition in these regions during glacial times is thought to have increased soluble iron content
in ocean surface waters. This enhanced biological productivity and
improved the eﬃciency of the biological pump, thereby increasing
the transfer of CO2 from the atmosphere to the deep ocean (Martin
et al., 1991; Tagliabue et al., 2017). Current estimates of increased
dust deposition during glacial times on ocean biogeochemistry cycles point to the Southern Ocean (the largest HNLC region) and
the South American dust sources (the strongest LGM dust source
in the Southern Hemisphere) as the main drivers of the IF effect
during the LGM (Costa et al., 2016; Lambert et al., 2015; Shoenfelt
et al., 2018; Yamamoto et al., 2019).
However, the last glacial termination was characterized by
a complex time-varying pattern of CO2 change, providing clues
to the key processes but also challenges to interpretation. The
deglacial CO2 rise occurred mainly in two periods, one pulse of
32 ppmv from 17.4-16.2 kaBP before the Atlantic Cold Reversal
(ACR), and another pulse of 32 ppmv just after the ACR from 13.2
to 11.5 kaBP (yellow bars in Fig. 2). These two pulses are generally
associated with ‘de-stratiﬁcation’ events in the ocean that would
have brought CO2 -rich deep ocean waters to the surface (MartínezBotí et al., 2015; Monnin et al., 2001). Upwelling deep water would
also have been rich in nutrients and would have produced a surge
in biological activity. Opal measurements in marine sediment cores

are generally interpreted as indicators of such events, but the regional heterogeneity of even the sign of productivity change between the LGM and the Holocene (Fig. 1) suggests a very complex spatial and temporal evolution of the marine carbon cycle,
with local circulation changes having a strong inﬂuence (Kohfeld
et al., 2013, 2005; Kohfeld and Chase, 2011). In addition, changes
in dust ﬂux and hence the contribution of IF to changing atmospheric CO2 is also both spatially and temporally heterogeneous —a
product of regional land surface dynamics in dust source regions
together with atmospheric circulation patterns. Indeed, Southern
Hemisphere dust ﬂuxes appear to have changed mostly during the
older CO2 pulse, while Northern Hemisphere dust seems to have
stayed at high levels until the younger pulse (Fig. 2b and 2e).
Here, we aim to de-convolve the complex spatially and temporally varying contribution of IF to atmospheric CO2 rise since the
last glacial maximum, and deliberately quantify the iron fertilization from aeolian origin in isolation from any other physical (e.g.
ocean destratiﬁcation, sea-ice, temperature) or biogeochemical effect taking place. Using a range of simulated and measured global
paleoclimatic dust ﬂux datasets, we investigate the effect of reduced dust ﬂuxes to speciﬁc ocean surface areas on atmospheric
CO2 during the last glacial termination (20-10 kaBP). In addition,
we investigate the temporal relationship between dust deposition
and atmospheric CO2 during the last glacial termination for the
main HNLC regions.
2. Methods
2.1. Geographical regions
We considered 4 main HNLC regions (Martin et al., 1991): The
Southern Ocean comprising the South Atlantic and Indian (SAI;
34S, 70W–90S, 150E) and South Paciﬁc (SP; 34S, 150E–90S, 70W)
sectors, the North Paciﬁc (NP; 90N, 120E – 34N, 110W), and the
Central East Paciﬁc (CEP; 6S, 170W–6N, 80W) (Fig. 1). The Southern Ocean was divided into two boxes to separate the two regions
inﬂuenced by South American and Oceanian sources (Albani et al.,
2014). In the same ﬁgure we show sites where LGM-Holocene
export productivity changes were measured in marine sediment
cores (Kohfeld et al., 2013, 2005; Kohfeld and Chase, 2011). Note
that export productivity measured in marine sediment cores is inﬂuenced not only by aeolian dust deposition, but also by ocean
stratiﬁcation and circulation, sea-ice, terrestrial input etc. Here, we
only consider the effect of dust.
2.2. cGENIE model simulations
We use the cGENIE Earth system model to project the impact
on atmospheric CO2 of regional heterogeneity in dust ﬂux to the
ocean surface, and using the results, create regression models to
estimate how changing dust deposition drives variability in CO2
with time (since the last glacial). The version of the cGENIE model
we use is described in detail in the supplementary information,
particularly with respect to how it represents the cycle of iron in
the ocean, but is summarized as follows.
cGENIE is based on a 3-D frictional geostrophic ocean circulation model, coupled with a 2-D energy-moisture balance model
of dynamic-thermodynamic sea-ice and atmosphere (see SI). We
apply this on a 36 × 36 equal-area horizontal grid with 16 logarithmically spaced levels in ocean depth (Cao et al., 2009). The
horizontal grid is spaced in increments of 10◦ longitude, while
the latitude grid spacing is uniform in sine of latitude, meaning
that cell size varies from ∼3.2◦ at the Equator to 19.2◦ at the
poles. The parameters controlling ocean/atmosphere/sea-ice dynamics and hence climate, are those used in (Cao et al., 2009).
2
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Fig. 1. World grid as used as input for the cGENIE model. Ocean color represents Holocene nitrate surface concentrations (Lambert et al., 2015) (right colorbar). The 4 main
HNLC regions (SAI, SP, NP, CEP) are marked in color. The plus signs, upward-pointing triangles, circles, downward-pointing triangles, and squares represent LGM-Holocene
export productivity increase, slight increase, no change, slight decrease, and decrease, respectively, measured in marine sediment cores (Kohfeld et al., 2013, 2005; Kohfeld
and Chase, 2011) and color-coded in the bottom color bar (Albani et al., 2014; Lambert et al., 2015; Ohgaito et al., 2018; Sueyoshi et al., 2013; Takemura et al., 2009;
Yukimoto et al., 2012). (For interpretation of the colors in the ﬁgure(s), the reader is referred to the web version of this article.)

Fig. 2. a) Greenland ice-core temperature ﬂuctuations (Masson-Delmotte et al., 2006). b) Aeolian dust deposition in the North Paciﬁc (Serno et al., 2014) (full line) and
the Equatorial Paciﬁc (Jacobel et al., 2016) (dotted line). c) Global CO2 concentrations from an Antarctic ice-core (Bereiter et al., 2015). d) Antarctic ice-core temperature
ﬂuctuations (Jouzel et al., 2007). e) Aeolian dust deposition in the South Atlantic (Anderson et al., 2014) (full line) and the South Paciﬁc (Lamy et al., 2014) (dotted line).
3
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Table 1
LGM dust forcing values (LGM - Holocene) summed over each region’s area in kg/s. The excluded results from Fig. 4 (main text) are shown in gray. Negative values mean
that the model simulated lower LGM dust deposition in that region than during the Holocene.
Region \ Dataset

Lambert

Albani

Takemura

MIROC ESM

MRI CGCM3

Ohgaito

Global
SAI
SP
NP
CEP

169129.2
5863.5
2067.5
16076.2
231.0

121753.5
22710.4
393.6
11586.8
93.2

97309.0
−55.4
4.0
342.8
112.0

136425.7
−245.2
−2.9
2657.9
172.6

24889.0
689.8
−18.7
1383.0
21.9

291435.4
50482.1
727.1
84155.0
124.1

For the marine carbon cycle, we utilize a dual, co-limited nutrient scheme consisting of phosphate and dissolved iron. The most
pertinent facet of the cGENIE model iron cycle used in this study
is the non-linear relationship between dust ﬂux to the ocean surface, and the solubility of iron in that dust (see SI). This acts to
smooth out the spatial heterogeneity in the dissolved iron ﬂux to
the ocean surface as compared to solid (dust) ﬂux (SI Figure S1).
Similarly, it also acts to reduce the impact (in terms of dissolved
iron ﬂux) of the differences between alternative dust reconstructions (SI Figure S2). Loss of dissolved Fe from the ocean occurs
both through biological uptake (in a varying ratio with carbon),
and through scavenging onto sinking particulate organic matter (as
a function of both ambient dissolved Fe concentrations and the organic matter ﬂux).
It should be noted that the aim of this study is to isolate the effect of dust on atmospheric CO2 from the combined ‘real world’ effect of changes in dust, ocean circulation and stratiﬁcation, sea-ice,
temperature etc. between glacial and interglacial states. Hence our
adoption of the PI-control conditions of (Cao et al., 2009). The only
change we consider between experiments is in the spatial ﬁeld
of dust ﬂux and calculate its attendant impact atmospheric CO2 .
Our results therefore do not necessarily match productivity records
from marine sediment cores whose variability is affected not only
by dust, but also by a multitude of as yet, poorly constrained physical climate and potentially also biogeochemical, changes.
We considered six different estimates of paired Holocene and
LGM dust ﬂuxes: one based on paleoarchive measurement interpolation, and the other ﬁve based on the few Earth System Model
simulations that include dust in their LGM simulations. They are
hereafter respectively called “Lambert” (Lambert et al., 2015), “Albani” (Albani et al., 2014), “Takemura” (Takemura et al., 2009),
“MIROC-ESM” (Sueyoshi et al., 2013), “MRI-CGCM3” (Yukimoto et
al., 2012), and “Ohgaito” (Ohgaito et al., 2018) (Fig. 3). All dust ﬂux
ﬁelds were regridded (equal area) to a 36 × 36 grid to be used as
input in cGENIE. Although the interpolated (“Lambert”) dataset is
based on paleoarchive data, the uncertainty for single points used
in the interpolation can be large, and the values may not necessarily be more correct than a simulation, especially in regions with
sparse coverage (Lambert et al., 2015). The LGM dust forcing values for each region and input dataset are shown in Table 1.
We performed spin-up simulations using the cGENIE Earth system model of 10,000 years, for the six Holocene dust ﬁelds, prescribing the atmospheric CO2 concentrations at 278 ppmv throughout (10,000 years is suﬃcient for even the deep ocean to reach
equilibrium). Sets of all control (Holocene) and increased dust simulations were then performed, again for 10,000 years each, and
starting from the end of the spin-up experiments. The ﬁnal atmospheric CO2 concentration for each simulation was taken as the
mean of the last 500 years of the simulation.

pairs (a total of 60 different global dust patterns). The new ﬂux
ﬁelds were spaced logarithmically between the Holocene and LGM
boundary values to resolve possible higher fertilization sensitivity
at lower dust levels. Finally, for each of the 8 intermediate ﬂux
ﬁelds plus glacial (and for each of the 6 different dust reconstructions), we allowed the dust to vary only in one of the HNLC regions
(and repeated this for all 4 HNLC regions) and simulated the CO2
drawdown. Hence, for each of the 6 dust reconstructions, we created 5 sets of dust pattern varying in 8 (intermediate) steps from
Holocene to glacial – one in which dust varied globally, and 4 in
which dust varied only in the HNLC regions. These results form the
basis for estimating an empirical relationship between the amount
of dust (area sum) deposited in a region and the atmospheric CO2
response (SI Figure S5). For this we chose a 4-parameter exponential ﬁt to accommodate both linear and exponential behavior.
In order to map CO2 onto time using our regression functions,
for each HNLC region, we selected a dust ﬂux or dust ﬂux proxy
time series that covers the last glacial termination time span (Figure S6). For the SAI region we chose a dust ﬂux dataset from the
South Atlantic (Anderson et al., 2014), for the SP region a ﬁne fraction dust ﬂux record (Lamy et al., 2014), for the NP region a crustal
4
He record as a dust proxy (Serno et al., 2015), and for the CEP region a dust ﬂux record (Jacobel et al., 2016). Although the dust
ﬂuxes (or dust proxy) in these time series are reconstructed at
just a single point in the ocean, their relative variability can be
expected to be representative of dust deposition variability over
a wider region (in fact, choosing a different record in a region
does not fundamentally inﬂuence the message of this study (SI Figure S7). We therefore scaled the maxima and minima of each time
series to the maximum and minimum of the corresponding region’s dust ﬂux area sum from each dust dataset (i.e. the LGM and
Holocene values of the 5 simulations and 1 interpolation). Now
we apply the empirical CO2 : dust relationship to these scaled time
series to obtain the timing of the CO2 response to the changing
dust deposition through the termination. The dust-CO2 relationships yields the estimated CO2 response to the amount of dust
deposited in each region every 500 years during the termination
(all four marine sediment dust proxy records have a higher resolution than 500 years during the termination). Since the CO2 :dust
relationship is not linear, the time series of the CO2 response will
not necessarily have the same shape as the measured dust ﬂux or
proxy time series.
3. Results and discussion
The absolute LGM CO2 reduction values compared to preindustrial CO2 for the change from Holocene to LGM for each
dust ﬂux dataset are listed in Table 2. The model-calculated range
of CO2 change for global-scale IF is between 12 and 29 ppmv,
in agreement with previous studies (Kohfeld and Ridgwell, 2013;
Köhler and Fischer, 2006; Lambert et al., 2015; Shaffer and Lambert, 2018). We then break this down and show in Fig. 4 the relative contribution to the global simulated IF CO2 drawdown from
changing dust ﬂuxes into each individual region.
The SAI region is the largest contributor to the global total dust
CO2 sensitivity (41 ± 23%), but with a large spread across dust

2.3. CO2 : dust relationship
In addition to the Holocene and LGM dust ﬂux ﬁelds provided
by the one data-based interpolation and ﬁve GCM simulations,
we created eight intermediate ﬂux ﬁelds between Holocene and
LGM values - one set of 8 for each of these six initial ﬂux ﬁeld
4
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Fig. 3. a) Holocene (pre-industrial) and b) Last Glacial Maximum (21 kaBP) dust deposition ﬁelds used as forcing for the simulations (Albani et al., 2014; Lambert et al., 2015;
Ohgaito et al., 2018; Sueyoshi et al., 2013; Takemura et al., 2009; Yukimoto et al., 2012).
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Table 2
Absolute LGM-HOL atmospheric CO2 concentration reduction in ppmv due to aeolian dust iron fertilization for all simulated regions and all input datasets. The excluded
results from Fig. 4 are shown in gray.
Region \ Dataset

Lambert

Albani

Takemura

MIROC_ESM

MRI_CGCM3

Ohgaito

Global
SAI
SP
NP
CEP

16.6
5.7
4.6
5.1
0.7

26.7
15.2
2.4
8.4
0.6

16.0
− 0.5
0.0
1.1
0.9

20.3
−1.2
− 0.1
5.5
1.2

8.9
1.0
− 0.1
2.5
0.2

33.1
20.2
3.8
8.2
1.0

Fig. 4. Relative contribution of each HNLC region (South Atlantic and Indian, South Paciﬁc, North Paciﬁc, Central Eastern Paciﬁc) to the atmospheric CO2 changes in the global
simulation for each dust dataset. Empty circles in SAI and SP were excluded due to missing representation of Patagonian and Oceanian glaciogenic emissions in these LGM
simulations. The black square with error bars shows the mean and standard deviation of the not excluded results.

datasets. This spread is likely at least partly due to the absence
of increased Patagonian LGM glaciogenic dust emissions in the
Takemura and MIROC-ESM simulations. Since observations from
Antarctic ice cores and south Atlantic marine sediment measurements show that Patagonian glaciogenic sources contributed most
of the LGM dust (Anderson et al., 2014; Lambert et al., 2008), we
omitted these results from the averaging statistics (excluded results are shown as an empty circle). The remaining spread is still
large, however, reﬂecting the lack of knowledge about source emission changes in continental South America.
The SP region only accounts for 16 ± 10% of total CO2 drawdown despite its large size. We attribute this more muted carbon
cycle response to the relatively smaller LGM dust deposition increase in the SP region in comparison to the SAI (Lamy et al.,
2014). In this region, we excluded the Takemura, MIROC-ESM, and
MRI-CGCM2 simulations because none of these included the increased Australian and New Zealand LGM dust emissions measured
in the SP (Chase et al., 2003; Lamy et al., 2014).
The contribution of the NP region amounts to 28 ± 3% of total
CO2 drawdown. Five of our results are in very close agreement
between 25 and 30% of total drawdown. In contrast, the Takemura simulation indicates a contribution below 10%. This is due
to the omission of Asian and Siberian glaciogenic dust sources in
the Takemura simulation (Ohgaito et al., 2018). We have therefore
also omitted the Takemura simulation from the NP statistics.
Finally, the results from all simulations agree on a low contribution of the CEP region of 4 ± 2% of the total IF CO2 drawdown,
in agreement with recent productivity estimates from marine sediment records (Costa et al., 2016).
We note that the sum of all regions’ CO2 drawdown will not
necessarily equal the projected CO2 drawdown in the global simulation. Iron fertilization increases nutrient utilization in high lati-

tudes surface waters, which reduces the amount of nutrients transported to low latitudes by intermediate depth waters, reducing the
tropical carbon export (Sarmiento et al., 2004). It is therefore likely
that the simulation with global forcing includes interplay between
regions that are not present in the simulations with forcing of
single HNLC regions. Although our results conﬁrm the Southern
Ocean as the main region inﬂuencing CO2 concentrations through
iron fertilization, the contribution of the NP region is signiﬁcant,
and likely larger than the SP. Thus, the Northern Hemisphere may
play an important dust-related role in glacial-interglacial atmospheric CO2 variability.
To further elucidate the sensitivity of atmospheric CO2 to dust,
we tested eight intermediate proportions of Holocene vs. LGM dust
ﬂuxes in each region, in addition to the Holocene and LGM endmember simulations (see Methods section 2.3). Each set of ten
simulations then forms the basis for a model-derived empirical relationship, linking the total amount of deposited dust in each HNLC
region and the resulting change in atmospheric CO2 (SI Fig. S5).
Ridgwell (2003) suggested that atmospheric CO2 would not react
linearly to dust deposition, but rather be more sensitive to dust
changes for small ﬂuxes, when iron limitation is highest and small
increases in dust can make a big difference. Indeed, small changes
in dust ﬂuxes tend to produce a linear relationship between CO2
and dust, while larger changes seem to produce diminishing returns (SI Fig. S52). Using our set of empirical relationships, we
then calculate time-varying histories across the deglaciation of potential CO2 increase due to the reduction in dust ﬂux and resulting weakening of the biological pump (Fig. 5). We have marked
as dashed lines those datasets that were excluded in Fig. 4. In
addition, we have added the global atmospheric CO2 curve as a
black dotted line for reference. In the SAI region, the CO2 contribution rises relatively linearly in time, with slightly enhanced
6
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Fig. 5. The colored lines show the calculation of the CO2 response to dust deposition based on the mathematical formula derived in Figure S5 and applied to the scaled
measured dust ﬂux time series in each HNLC region. Dashed lines in SAI, SP, and NP show the excluded results from Fig. 4. The global atmospheric CO2 record is shown as a
black dotted line plotted against the right axis.

rates of rise corresponding to both ﬁrst and second observed CO2
pulses. Although most of the SH dust reduction occurs early in
the termination (Fig. 2), the high sensitivity of CO2 at low dust
ﬂux values makes these small dust changes still relevant during
the later stages of the termination. The changes in the SP region
start very early and are more or less coeval with the ﬁrst pulse.
Due to their more northerly location than South America, Oceanian
dust sources probably reached Holocene emission levels before the
ACR and were not affected by the later termination temperature
changes. This is consistent with glacier moraine data showing most
LGM glaciers in New Zealand had collapsed by 16 kaBP (Alloway
et al., 2007; Rother et al., 2014). This would have ended the supply
of glaciogenic dust early in the termination due to pro-glacial lake
formation (Sugden et al., 2009). In contrast, the NP region shows
no sign of dust or CO2 change during the early termination and
the ﬁrst pulse. Rather, the full impact of changing dust ﬂuxes to
this region occurs only during the second pulse. The main NP dust
sources are the East Asian deserts, which shifted to an interglacial
regime only in the late termination (Sun and An, 2005), keeping
NP dust deposition at LGM levels during the early termination.
The CO2 response to dust reduction in the CEP region started during the ACR and continued throughout the second pulse. Assuming
a mix of North American and Asian dust sources in this region
(Albani et al., 2014), this suggests a possible collapse of North
American dust sources during the ACR, coupled with the later effect of Asian sources.
For a total atmospheric CO2 reduction of 18.5 ppmv from iron
fertilization of the four HNLC regions during the termination (the
medians of the non-discarded results in Fig. 4 summed over all
four regions), atmospheric dust reduction contributed only 2.6
ppmv during the ﬁrst pulse, but 5.6 ppmv during the second pulse,
with the rest being contributed between and after the pulses. To
put things into a wider perspective, we divide the termination into

an early and a later half, with the division between them at 15
kaBP. Then, iron fertilization of the four HNLC regions reduced atmospheric CO2 by 6.2 ppmv in the ﬁrst period, and by 12.3 ppmv
in the second one. We conclude that, although dust ﬂuxes in the
Southern Ocean fell very rapidly in the early termination, the major effect of lower iron fertilization of the oceans occurred in the
second half of the termination, due to higher sensitivity of CO2
changes at low dust ﬂux levels when iron is strongly limited and
to the late contribution in the Northern Hemisphere. Ocean destratiﬁcation may have been the major reason for the ﬁrst pulse of
CO2 with relatively little contribution from dust, while iron fertilization may have contributed more substantially to the second CO2
pulse.
4. Conclusions
Using a carbon cycle centric EMIC we simulated the LGM
changes in atmospheric CO2 concentrations due to iron fertilization from aeolian dust deposition in four individual HNLC regions
of the Earth’s oceans, and derive empirical relationships between
the amount of deposited dust and atmospheric CO2 changes for
each region. Overall, our ﬁndings conﬁrm the dominant role of
the Southern Ocean for iron fertilization, but point to a possibly greater role of the North Paciﬁc in deglacial atmospheric CO2
rise and climate change than generally appreciated. We show that
although SH dust changes occurred early in the termination, the
major effect of global aeolian iron fertilization on atmospheric CO2
was during the second half of the termination. In this study, we
isolated the effect of aeolian dust on surface ocean iron fertilization and CO2 drawdown. In combination with other such studies
that quantify different effects (ocean circulation, sea-ice, terrestrial
input etc.) it may be possible in the future to untangle the various
contributions from different effects to the total signal recorded in
7
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marine sediments. Our paleo-derived sensitivity of the North Paciﬁc to iron fertilization also has implications for future global iron
cycle impacts and feedbacks on atmospheric CO2 . Desertiﬁcation
in China is accelerating due to climate change (Wang et al., 2008),
but dust storm frequency is decreasing (Wu et al., 2018), which
could affect CO2 drawdown in the North Paciﬁc.
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