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We reconstructed atmospheric dust loading between the years 1841-2000 by combining a compilation of 
dust deposition records with constraints on the deposition flux produced by each of nine major source 
regions to each deposition site. These constraints on source-resolved deposition fluxes were obtained 
from the Dust Constraints from joint Observational-Modelling-Experimental analysis (DustCOMM) data 
set. This data set includes uncertainties on deposition fluxes that comparisons against independent data 
suggest are realistic1,2.  
Our approach is an extension of the methodology used in Mahowald et al.3, who also used a compilation 
of dust deposition records to reconstruct dust loading. We improved upon the approach in Mahowald et 
al.3 in a number of ways. First, we used almost double the number of dust deposition records (19 versus 
11), including several recently published records that constrain dust from North Africa and East Asia4-9. 
These two source regions together account for ~60% of global dust loading2 but most deposition records 
constraining these two regions were not available in Mahowald et al.3. Second, we used explicit 
constraints on the contributions of the different source regions to the deposition flux at each site, allowing 
a statistical approach that finds the most likely evolution of dust loading over time for each of nine major 
dust source regions1,2. Finally, we used a bootstrap approach with resampling to propagate errors in both 
deposition flux records and in the DustCOMM source region-resolved deposition fluxes10,11.  
Below, we first describe the compilation of dust deposition records, after which we describe the 
methodology for reconstructing dust loading. 
Compilation of dust deposition records 
To construct our compilation of dust deposition records, we built on the compilation of 25 deposition 
records obtained by Hooper and Marx12. Each of these records span at least 150 years of the pre-industrial 
to modern climate, ends after 1975, and has a time resolution of at least one data point per 10 years. Some 
of these records are based on measurements of dust particles in a sedimentary matrix (e.g., ice) and some 
are based on proxies for dust, such as the concentration of crustal elements like Mg and Ca. 
Measurements of the concentration of dust or a dust proxy are then converted to a dust deposition flux by 
calculating the mass accumulation rate of the sedimentary matrix using an age model that links the depth 
of the sediment to its age (e.g., Ref. 13). We use a subset of 13 of these deposition records, all of which 
Hooper and Marx12 identified as being dominated by long-range transported dust, rather than by locally 
generated dust (also see discussion in Mahowald et al.3). Note that these 13 records exclude three dust 
records from Antarctic ice cores that were used in Hooper and Marx12 but that were affected by local dust 



emissions (WAIS14 and Mount Erebus15) or that are unpublished data sets (Siple Dome). Because these 13 
records included only one record dominated by North African dust6, we added four more published 
deposition records dominated by North African dust, namely records from Barbados4, the Swiss-Italian 
Alps5, Corsica7, and Cape Verde16. Additionally, we added deposition records from the northern Antarctic 
Peninsula17 and the Colorado mountains18, both of which were used by Mahowald et al.3. All deposition 
records used in this study are listed in Table S1. 
Data from all deposition records were processed as follows. First, the data from each deposition record 
were linearly interpolated to obtain annual values in the period 1841-2000, after which all fluxes were 
normalized to the value of the median dust flux in the period 1991-2000. If the record was missing data, 
either at the start or end of the 1841-2000 period, then these data points were filled in by taking the 
median of the 10 years most proximal to the missing data. We then took the median dust flux for each 
decade to reduce the substantial noise and year-to-year variability contained in some deposition records, 
which might be due to various factors unrelated to changes in dust emitted from large source regions (see 
Refs. 2,19,20 and further discussion below). 
An exception on the data processing procedure above was made for the Cape Verde record of Evan & 
Mukhopadhyay16. This data set is unusual in that its accuracy was confirmed by correlation with satellite-
observed aerosol optical depth data, but this data set also only spans the period 1955 – 2000. To fill in this 
record in the period 1841-1954, we used the mean of the normalized fluxes for the four other records that 
are dominated by North African dust, namely from Mauritania Canyon6, the Bahamas4, the Swiss-Italian 
Alps5, and Corsica7. We then normalized the mean of those four records such that the dust flux over the 
period 1955-1974 equaled that of the Evan & Mukhopadhyay16 record. 
Reconstruction of dust loading since pre-industrial times 
We used the compilation of dust deposition records to reconstruct the historical changes in dust loading 
generated by each of nine source regions. To do so, we used the DustCOMM data constraints on the 
relative contribution of each source region to each deposition core site in the modern climate (Fig. S1). 
That is, given the compilation of deposition flux timeseries, we obtained the evolution of normalized dust 
loading per source region that minimizes the disagreement between the deposition flux timeseries and the 
reconstructed dust loading. Specifically, we obtained the time evolution of dust loading generated by each 
source region by finding, for each decade, the values that minimizes the cost function1 
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where Ndep = 19 is the number of deposition flux timeseries in the compilation (Table S1) and Nsr = 9 is 
the number of source regions, which are western North Africa, eastern North Africa, the Southern Sahara 
and Sahel, the Middle East & Central Asia, East Asia, North America, Australia, South America, and 
Southern Africa (see Fig. S1 and Ref. 1). Together, these 9 source regions account for the vast majority of 
natural dust emissions1. However, emissions from high latitudes (~2-3% of global emissions21) and from 
anthropogenic activities like industrial processes and vehicular traffic on dirt roads are not included22. 
Furthermore, 𝑓𝑓𝑖𝑖,𝑗𝑗cc is the DustCOMM constraint on source region i’s fractional contribution to deposition 
site j in the current climate, and 𝛽𝛽�𝑗𝑗(𝑡𝑡) is the measured deposition flux at site j for decade t, normalized by 
the median dust deposition flux in the period 1991-2000. Finally, 𝜆𝜆𝑖𝑖(𝑡𝑡) is the normalized globally 
integrated dust loading generated by source region i, 

𝜆𝜆𝑖𝑖(𝑡𝑡) =
𝐿𝐿𝑖𝑖(𝑡𝑡)
𝐿𝐿𝑖𝑖𝑐𝑐𝑐𝑐
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where 𝐿𝐿𝑖𝑖(𝑡𝑡) is the dust loading generated by source region i in decade t and 𝐿𝐿𝑖𝑖𝑐𝑐𝑐𝑐 is the DustCOMM 
constraint on the dust loading generated by source region i in the modern climate (see Table 1 in Ref.2). 
Because the DustCOMM constraints were obtained for the years 2004-2008, here we need to assume that 



dust loading in the period 1991-2000 equals that in the period 2004-2008, which introduces additional 
error in our results. Furthermore, Eqs. (S1) and (S2) assume that a source region’s deposition flux scales 
linearly with its globally integrated dust loading. 
Note that the solution for Eq. (S1) is over-constrained, with 19 deposition cores and only nine source 
regions, which helps reduce errors on 𝜆𝜆𝑖𝑖(𝑡𝑡). Nonetheless, because deposition fluxes from the Western 
North Africa, Eastern North Africa, and Sahel source regions tend to be correlated, and because of a 
dearth of deposition records dominated by dust from the Sahel and Eastern North Africa, we cannot 
separately constrain the Western North Africa (i = 1), Eastern North Africa (i = 2), and Sahel (i = 3) 
source regions. Therefore, we grouped these three source regions into a single source region similar to the 
North Africa source region used in Mahowald et al.3, meaning that we forced 𝜆𝜆1(𝑡𝑡) = 𝜆𝜆2(𝑡𝑡) = 𝜆𝜆3(𝑡𝑡) 
when solving (S1). Furthermore, we keep the Southern Africa source region (i = 9) constant (i.e., 𝜆𝜆9(𝑡𝑡) =
1) because none of the deposition records are dominated by dust from this relatively minor source region 
(~1-2% of global dust loading2), making its temporal evolution under-constrained. 
Measurements of deposition fluxes and DustCOMM constraints on the relative contribution of each 
source region both carry substantial uncertainties2,23-25. We propagated these uncertainties into 𝜆𝜆𝑖𝑖(𝑦𝑦) and 
thus into the reconstruction of each source region’s globally integrated loading using a bootstrap 
procedure10,11 in which we resample the deposition sites. Specifically, we repeat the following steps (also 
see Ref.1) a large number of times (~1,000): 

1. We obtain a realization of the 3D global dust cycle, including the source region-resolved 
deposition flux to each deposition site, per the procedure detailed in Kok et al.1 (see especially 
section 2.4 in Ref. 1). From this realization, we obtain 𝑓𝑓𝑖𝑖,𝑗𝑗𝑐𝑐𝑐𝑐  and 𝐿𝐿𝑖𝑖𝑐𝑐𝑐𝑐. 

2. We randomly draw, with replacement, 19 cores from our compilation of 19 cores. As such, for 
each iteration, some cores will be used not at all, some only once, and some more than once. This 
resampling procedure propagates uncertainty due to errors in the dust deposition records and 
yields 𝛽𝛽�𝑗𝑗(𝑦𝑦). 

3. We use equation S1 to obtain 𝜆𝜆𝑖𝑖(𝑡𝑡), the globally integrated normalized dust loading for each 
source region. To prevent unrealistic solutions from propagating into our results, for instance for 
when a random drawing of deposition cores in step 2 results in one or more source regions being 
poorly constrained, we only use an iteration’s result if the change in the dust loading due to each 
source region is less than a factor of five (i.e., min �𝐿𝐿𝑖𝑖(𝑡𝑡)

𝐿𝐿𝑖𝑖
𝑐𝑐𝑐𝑐 � > 0.2 and max �𝐿𝐿𝑖𝑖(𝑡𝑡)

𝐿𝐿𝑖𝑖
𝑐𝑐𝑐𝑐 � < 5).  

4. We use equation S2 to calculate 𝐿𝐿𝑖𝑖(𝑡𝑡) and the time evolution of the globally integrated dust 
loading as  𝐿𝐿glb(𝑡𝑡) =  ∑ 𝐿𝐿𝑖𝑖(𝑡𝑡)

𝑁𝑁sr
𝑖𝑖=1 . 

This approach yields a large number of realizations that represent the probability distribution of 𝐿𝐿𝑖𝑖(𝑡𝑡) and 
𝐿𝐿glb(𝑡𝑡). We report the median and one standard error range of these results in Figures 4 and 5 in the main 
text. Additionally, we show the resulting comparisons against each of the 19 deposition cores in Fig. S2 
and the reconstructed loading for each source region in Fig. S3. We also compare the dust reconstruction 
against long-term dust surface concentration measurements made since the 1970s at Barbados and Miami 
in Fig. S4. The dust reconstruction is in excellent agreement with the Barbados record (Fig. S4a) and 
captures the trend in the Miami record, although it underestimates the magnitude of the peak dust loading 
in the 1980s there (Fig. S4b). 
As discussed in more detail in Mahowald et al.3, using deposition cores to reconstruct global dust loading 
requires a number of critical assumptions that could introduce large errors in the results, not all of which 
are quantified by our error propagation procedure. First, our methodology assumes that the spatial pattern 
of the dust deposition flux per source region has not changed since pre-industrial times. This is likely 
inaccurate, as the historical increase in dust loading suggests that new source regions have been activated 
over time, either by climate or human land use changes. However, the effect of this limitation on our 
results might be limited because variability of simulated dust emissions in even the modern climate is 



very large (e.g., Figure 2 in Ref.26) and DustCOMM draws on simulations from six different global 
models. Because satellite analyses indicate that ~25% of present day emissions are generated from 
surfaces with substantial human land use27 it thus appears unlikely that the difference in the spatial pattern 
between dust emissions in the modern and pre-industrial period will be large compared to the substantial 
diversity in the spatial pattern of emissions that is already accounted for by DustCOMM. Second, 
measurements and simulations of dust deposition fluxes are subject to large experimental and 
representation errors23,26,28, which could cause further errors in the reconstruction of global dust loading. 
Our approach of using relative changes in dust deposition over time at each deposition site addresses this 
concern somewhat as errors in trends of dust deposition fluxes are usually substantially lower than in 
absolute values4. Third, trends in dust fluxes at deposition sites might not reflect trends in dust emissions 
but instead in dust transport pathways19 and in the precipitation that drives wet deposition29. However, ice 
core records indicate that rates of sea-salt aerosol deposition have remained approximately constant since 
pre-industrial times, which indicates that wet deposition rates have not changed substantially30. The effect 
of possible changes in dust transport pathways are difficult to quantify and it is possible that a trend in 
deposition data at a given site is due to long-term changes in dust transport pathways rather than changes 
in emissions. This concern about changes in transport causing spurious trends in deposition data is 
ameliorated somewhat by our use of deposition data from 19 deposition sites (Table 1). That is, because 
the bias caused by changes in transport pathways will differ for each site it constitutes a random error, the 
effect of which is thus reduced with more data. Also note that this random error is inherently propagated 
into our results by the bootstrap procedure with resampling. Fourth, trends in deposition fluxes will not be 
reflective of trends in major source regions if dust from a deposition site is dominated by local dust or by 
dust from a non-representative subsection of a major source region29. Errors in the classification of which 
deposition records are reflective of long-range transported dust from major source regions3,12 could thus 
cause errors in the dust reconstruction. Also note that more deposition records could facilitate a 
substantially more accurate dust reconstruction because it could allow the use of smaller source regions in 
solving Eq. (S1); for instance, more deposition records could allow the temporal evolution of the western 
North Africa, eastern North Africa, and Southern Sahara and Sahel to be solved without combining these 
source regions. Considering these potentially substantial sources of uncertainty, the error estimates on our 
reconstructed global dust loading should be considered a lower bound. 
 
  



Supplementary Figures and Tables 
 
Table S1. Summary of compilation of dust deposition records. 

Dust 
deposition 

site 

Region Type of 
record 

Latitude Longitude Associated source(s)* Record 
length 

Approximate 
age resolution 

Reference 

 

NEGIS Greenland Ice core 75.62⁰ -35.96⁰ East Asia, North 
Africa, North America 

1607 – 2005 1 year Vallelonga et al. 
(2014)31 

GISP2 Greenland Ice core 72.6⁰ -38.5⁰ East Asia, North 
Africa, North America 

665 – 1990 2-3 years 
(irregular) 

Zielinski & 
Mershon (1997)32 

20D Greenland Ice core 65.02⁰ -44.87⁰ East Asia, North 
Africa, North America 

1767 – 1984 1 year Kang et al. 
(2003)33 

Mount Logan Yukon, 
Canada 

Ice core 60.58⁰ -140.5⁰ East Asia 1000 – 1998 1 year Osterberg et al. 
(2008)9 

Motianling Great Hinggan 
Range, China 

Peat core 47.35⁰ 120.65⁰ East Asia 1860 – 2007 3-30 years 
(irregular) 

Bao et al. (2012)8 

Point 
d’Escuminac 

New 
Brunswick, 

Canada 

Peat core 46.92⁰ -65.5⁰ North America 1550 – 1996 4-25 years 
(irregular) 

Kylander et al. 
(2009)34 

San Juan 
Lakes 

Colorado, 
USA 

Lake 
sediment 

core 

38⁰ -108⁰ North America 1855 - 2005 30 years Neff et al. (2008)18 

Dasuopo Mount 
Xixiabangma, 

Himalaya 

Ice core 28.38⁰ 85.72⁰ Middle East / Central 
Asia 

1450 – 1996 1 year Thompson et al. 
(2000)35 

Mount 
Everest #1 

East Rongbuk 
Glacier, 

Himalaya 

Ice core 28.03⁰ 86.96⁰ Middle East / Central 
Asia 

1690 - 2002 1 year Kaspari et al. 
(2009)36 

Mount 
Everest #2 

East Rongbuk 
Glacier, 

Himalaya 

Ice core 27.98⁰ 86.92⁰ Middle East / Central 
Asia 

1843 – 1997 1 year Kang et al. 
(2003)33 

Mauritania 
Canyon 

Atlantic 
Ocean 

Ocean 
sediment 

core 

16.83⁰ -16.73⁰ North Africa 1180 BC – 
2005 

1-2 years Mulitza et al. 
(2010)6 

Sal Island Cape Verde Coral core 16.76⁰ -22.89⁰ North Africa 1955 – 2008 1 year Evan & 
Mukhopadhyay 

(2010)16 

Andros 
Island 

Bahamas Coral core 25⁰ -78⁰ North Africa 1065 – 2011 10-30 years 
(irregular) 

Hayes et al. 
(2017)4 

Colle 
Gnifetti 

Italian Alpes Ice core 45.94⁰ 7.88⁰ North Africa 1780 – 2006 1 year Clifford et al. 
(2019)5 

Lake 
Bastani† 

Corsica Lake 
sediment 

core 

42.07⁰ 9.13⁰ North Africa 1220 BC - 
2013 

3-4 years Sabatier et al. 
(2020)7; Pierre 

Sabatier, personal 
communication 

(2022) 

Snowy 
Mountains 

NSW, 
Australia 

Peat core -36.46⁰ 148.3⁰ Australia 500 – 2005 2 – 10 years 
(irregular) 

Marx et al. 
(2014)37 

Law Dome Budd Coast, 
East 

Antarctica 

Ice core -66.77⁰ 112.8⁰ South America, 
Australia 

1480 – 1996 1 year Souney et al. 
(2002)38 

Siple Station Ellsworth 
land, West 
Antarctica 

Ice core -75.92⁰ -84.25⁰ South America, 
Australia 

1417 – 1983 1 year Mosley-Thompson 
et al. (1990)39 

James Ross 
Island 

Northern 
Antarctic 
Peninsula 

Ice core -64.2⁰ -57.7⁰ South America 1832 - 1991 1 year McConnell et al. 
(2007)17 

*Associated sources are based on Fig. S1. 



†The data of Sabatier et al.7 were further corrected for sediment matrix effects through centered-log-ratio (CLR) transformation (Sabatier, 
personal communication, 2022). 
 
 

 
Figure S1. Map of deposition record sites and dominant dust source regions. Different colors represent the 
fraction of the dust deposition flux supplied by different dominant source regions, with shading decreasing in 
increments of 0.1 from a maximum of 1. The black boxes denote the nine major source regions (western North 
Africa, eastern North Africa, the Southern Sahara and Sahel, the Middle East & Central Asia, East Asia, North 
America, Australia, South America, Southern Africa). Gray triangles denote the locations of the 19 dust deposition 
records used to reconstruct dust loading since pre-industrial times. After Ref. 2. 
 
 
 
 
 



 
Figure S2. Comparisons between dust deposition records and reconstructed dust deposition fluxes. Shown are 
results for the 19 deposition records in our compilation (Table S1). The solid black line represents the measured 
normalized deposition fluxes (or deposition flux proxy) after data processing (see text), the solid blue line the 
median reconstructed normalized deposition flux, and the dash-dotted blue lines the one standard error interval on 
the reconstructed normalized deposition flux. Also listed is the correlation coefficient between the measured and 
median reconstructed normalized deposition fluxes. 
 
 

 
Figure S3. Reconstructed globally integrated dust loading for each source region. The solid line represents the 
median estimate and the dash-dotted lines the one standard error interval. 
 



  
Figure S4. Comparison of dust reconstruction against long-term dust surface concentration 
measurements. a| Comparison against measurements at Barbados. b| Comparison against measurements 
at Miami. Small brown circles denote the measured annual average surface concentration, which was 
calculated from previously reported monthly average values40. Large green circle denote decadal averages 
of the annual values for a more direct comparison against the dust reconstruction. Error bars on the 
decadal values denote the standard deviation of the annual values. The solid black line denotes the median 
estimate of the reconstructed dust surface concentration and the shading denotes the 90% confidence 
range. 
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