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Glacial-Interglacial Variability

http://www.ngdc.noaa.gov:8800/paleo_s/plsql/ftpsearch.icecore; Petit, et al., 1979; Jouzel et al., 1987; Chappelaz and Jouzel, 1992



Glacial vs. Interglacial

• i.e. Last Glacial Maximum (LGM) 20,000 years 
ago vs. Current Climate

• High latitude ice cores see 2x-20x more desert 
dust deposition during cold periods (glacial) than 
warm periods (today) (e.g. Lagrand, et al., 1988; 
Hansson et al., 1994)

• Marine sediment cores suggest 3-4x more desert 
dust deposition during cold periods than warm 
periods (Rea, 1994) 



Obs. Glacial/Interglacial Dust Flux

Dirtmap data courtesy of Karen Kohfeld; Mahowald et al. 1999



Modeling study: LGM/Current
(Mahowald et al., 1999)

• Use ECHAM3 model (PMIP—not best boundary 
conditions, no coupled ocean; Lorenz et al., 1996)

• TM3 transport model with dust (Heiman, 1990; 
Schulz, et al., 1998)
– simple source (unvegetated dry areas, wind speed 

cubed)
– simple wet and dry deposition (e.g. Tegen and Fung, 

1994)

• BIOME3 equilibrium vegetation model
– allows source areas to change (Haxeltineand Prentice, 

1996)



Mahowald, 
et al., 1999

Vegetation 
changes 
between 
LGM and 
current 
consistent 
with obs.



Model: LGM/Cur. :No change in source areas

Mahowald et al., 1999



Model: LGM/Cur:  Change in Source Areas



Results LGM/Cur. (Last Glacial Maximum)

(Mahowald et al., 1999)

• Mean LGM/Cur dust flux: 2.5 matches data well
• Source changes more important than transport 

changes, except near N. Africa
• CO2 Fertilization important for dust source area 

changes (50% dust loading)

• Much observed variability within glacial 
periods� not addressed yet  (climate variability 
within glacial climates?)



Data courtesy of Joe Prospero and Dennis Savoie: 
Prosper and Nees, 1986; Mbouru et al., 1997



Variability in Current Climate
• Barbados station sees 4x increase between 

1980s and 1960s (Prospero and Nees, 1986)
• Broadly consistent with: 

– North African visibility data (Mbouru, et al., 
1996)

– Alps deposition fluxes (de Angelis and 
Gaudichet, 1991)

• Causes: Natural or Anthropogenic?



Data courtesy of J. Prospero, D. Savoie and A. Dai: Prospero
and Nees, 1986; Dai et al., 1996





Causes of Barbados Fluctuations?
Prospero and Nees, 1986: Prospero et al., 1996

• Natural Variability (wet and dry cycles) (e.g. Hunt 
et al., 2000)

• Human intervention:
– Direct human perturbation of soils (e.g. Gillette, 1988; 

Tegen and Fung, 1995)
– Indirect human effects of land use� drought (e.g.

Charney, 1977)� dust
– Indirect human: Green house gases� change in NAO 

phase (e.g. Schindel, et al., 2001)� reduce precip in 
Sahel� change in dust (e.g. Moullin et al., 1997)
Very speculative



Test hypothesis: No direct 
anthropogenic impact looking at 

1984 vs. 1966
• Use MATCH transport with NCEP (Rasch et al., 

1997; Mahowald, et al., 1997)
• Dust Entrainment and Deposition module (Zender 

et al., in prep)
• Two types of sources:

– dry, topographic low sources (Ginoux et al., 2001)
– Different sources in 1984: new desert sources or 

cultivation in desert (look similar) from BIOME3 and 
Mathews et al., 1993

• Do we require new sources to match observations? 
(4x changes between 1984 and 1966)
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topographic low optical depth TIMIND optical depth

topographic low + new desert optical depth from TOMS AI

July 1984



Results:  1984/1966 (Mahowald et al., 2002)

• Need change in source to obtain 4x change 
between 1984/1966

• However, precipitation and surface winds in 
NCEP reanalysis appear inconsistent with station 
data� can’ t trust NCEP reanalysis for this 
problem?

• Simulations in 1984 cannot be used to 
differentiate between different types of sources 
using available satellite or station data

• Long term simulations (1979-2000) can’ t be used 
to differentiate between sources.

• Changes in land use may have occurred prior to 
1980.



1979-2000

• model was not close in variability it simulated.
• Model simulates amount of variability

– more within monthly than between monthly variability 
seen in obs (satellite and in situ) and model

• Model sometimes can simulate high dust vs. dust 
years (not always)

• Most of variability due to transport in model 
(similar to Tegen and Miller, 1998)

• Different than 1984/1966� here the

Comparisons with station data and satellite suggest we get 
correct amount of variability, although not always same year



Problems with scale

• Sources are small in scale (e.g.Gillette, 
1999)

• Soils/hydrology and vegetation likely to 
have complicated relationships to source 
regions
– Look at Chott el Djerid in Tunisia and Etosha 

Pan in Namibia



Mahowald et al., 2003

Mahowald, Bryant, del Corral and Steinberger, 2003

TOMS AI vs. Lake inundation

Chott El Djerid (Tunisia) Etosha Pan (Namibia)



Impacts of variability on 
climate/biogeochemistry

• Ocean biogeochemistry
• Radiative influence
• Atmospheric chemistry
• Terrestrial biogeochemistry
• cloud interactions



Ocean Biogeochemistry: Iron 
Fertilization Hypothesis

• Iron is a micronutrient (Martin et al., 1990)
• In High Nutrient Low Chlorophyl regions, iron is 

limiting
• Dust deposition is often the main source of iron to 

the open ocean

• Nitrogen fixers require more iron than most 
phytoplankton

• Dust deposition thus affects fixed nitrogen budget 
(macronutrient)



Moore et al., 2002

•Some locations have excess nutrients, even when 
they have light.

•I.e. eastern Eq. Pacific or Southern Ocean.

•These are called high nutrient, low chlorophyl
regions



Moore et al., 2002



E.G. SOIREE experiment (Boyd et al., 2000):



Moore et al., 2002



Moore et al., 2002



Moore et al., 2002
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Trichodesmium colony



Ocean carbon cycle

• Ocean contains much more carbon than 
atmosphere or terrestrial ecosystems and controls 
atmospheric concentrations on “relevant”  
timescales

• Ocean overturning time scales 1000 years
• “Biological Pump” causes carbon dioxide to be 

pumped into the bottom waters more quickly.  
Thought to reduce equilibrium atmospheric CO2 
by 200ppm. (IPCC, 2001)

• Currently, ocean is taking up 1/3 of anthropogenic 
carbon dioxide



Glacial vs. Interglacial Cycles
• Glacial periods have much less carbon 

dioxide (200 vs. 280 ppm) and more desert 
dust (~2.5x more flux)

• Carbon dioxide is a major greenhouse gas 
• Desert dust radiatively interacts and 

interacts with ocean biogeochemistry

• What initially drives the climate?



Why less carbon dioxide during LGM?

• Terrestrial land thought to be source (e.g. Adams, 
et al., 1990)

• Ocean carbon (some examples)
– Ocean Temperatures (cooler water holds more CO2, 

but dissolution of CO2 changes chemistry)
– Southern Ocean thought to be soft spot [e.g. Sigman

and Boyle, 2000]
– Changes in Southern Ocean Sea Ice? [e.g. Stephens and 

Keeling, 2000]
– Changes in iron deposition? [e.g. Martin, 1990]



Using ice core records at Antarctica with model results to
estimate iron fluxes into Southern Ocean:  Obtain following 
match to data: [Watson et al., 2000]:

~40ppm of CO2
explained by 
increased iron
with good timing



Evidence for dust influences on ocean 
carbon?

• Correlation in ice cores [Martin, 1990]
• Iron fertilization of Southern Ocean [e.g. Watson, 

et al. 2000]
• Increase in nitrogen pool of entire ocean? [e.g. 

Broeker and Henderson, 1998]

• However, others don’ t think iron was as important 
(e.g. Archer, et al., 2000; Sigman and Boyle, 
2000)



Mineral aerosol cloud interactions
• Wet deposited mineral aerosols has much higher 

soluble Fe than dry deposited (14% vs. 2% e.g.
Jickells and Spokes, 2001)
– wet vs. dry deposited dust impacts iron availability!

• Soils have .1% Fe soluble soils; over oceans 
aerosols have 2-25% solubility—must be 
processed in the atmosphere
– Clouds?
– Anthropogenic forced chemistry (sulfate, organics)?
– Natural atmospheric chemical interactions?

• Atmospheric processes impact iron availability by 
a factor of more than 10!!!!



Mineral Aerosol/cloud 
interactions

• Regional/in situ studies suggests mineral 
aerosols are CCN and IFN (e.g. Levin and 
Ganor, 1996; Rosenfeld and Nirel, 1996; 
Rosenfeld et al., 2001; Chen et al., 1998; 
Sassen, 2002)

• Correlate ISCCP with TOMS AI or 
Barbados surface concentrations to see long 
term, larger scale relationships



Correlation: ISCCP vs. dust index for North Atlantic

All clouds low thin clouds

high medium cloudshigh thin clouds
Mahowald and L. Kiehl, submitted



Results consistent with

• Mineral aerosols suppressing precipitation 
in low level clouds off coast of North Africa

• Mineral aerosols impacts ice clouds 
distributions

• Implies iron availability in mineral aerosols 
may be impacted by mineral aerosols 
themselves through moderating climate



Future predictions

• Need to understand importance of humans 
interacting with dust cycle

• CO2 fertilization� 20% decrease in desert 
dust size (e.g. Harrison et al, 2000)

• Assume no change in sources in changed 
climate� 15% increase in source strength 
(due to stronger winds (IPCC, 2001)

• land use impacts?



Source Strength versus CO2/Climate
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Potential for positive feedback

• increase CO2� decrease arid 
regions� decrease desert dust� decrease 
iron to oceans� decrease ocean 
productivity� decrease CO2 uptake by 
oceans� increase CO2

• 30% of anthropogenic carbon dioxide 
currently being taking up by oceans.



Biogeochemistry/Chemistry 
/Climate Issues

• Trace atmospheric constituents may have large 
impact on biota
– Nutrient availability impacted by chemistry/clouds 

processing
– wet deposition may impact nutrient availability
– aerosols impact clouds (in turn)

• Land surface interactions
– carbon dioxide/nitrogen fertilization (e.g. FACE 

experiments)
– linkages between land and hydrological cycle� soils, 

elevation, hydrology,vegetation
– how humans water use and land use interact
– scales important for sources (models don’ t resolve)



• Atmospheric Processes
– Cloud/chemistry/aerosol interactions

• liquid cloud amount (1/3 to ½ as much as should be)� what 
does this do to our impacts of clouds

• subgrid variability important? (wet deposition)

– PBL processes (sources and obs here)*
• important for carbon dioxide inversions and the rectifier effect

– Errors in precip and surface winds will strongly impact 
dust aerosol distributions (bad enough in reanalysis--
problem in coupling?)

• Paleoclimateperspective
– e.g. carbon dioxide fluctuations need to be explained 

for past climates (e.g. LGM)



Feedbacks to explore in coupled 
simulations?

• mineral aerosols� surface 
conditions� plant growth� mineral aerosol 
sources

• lower mineral aerosols� fertilize ocean 
less� decrease CO2 uptake� higher 
CO2� decrease desert regions� lower 
mineral aerosols

• (do we need coupled model or linked 
model?  need to access first)


