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Glacial/interglacial variations of meridional transport
and washout of dust: A one-dimensional model

Katrine K. Andersen ! and Peter D. Ditlevsen
Department of Geophysics, Niels Bohr Institute, University of Copenhagen, Denmark

Abstract. Measurements of §'80 and insoluble dust in the Greenland Ice Core
Project ice core reveal that the concentration of dust is about 100 times higher in ice
from the last glacial maximum than it is today. In order to understand the glacial
climate it is of importance to establish to what extent this increased level was due
to changes in the source areas and to what extent it was due to changes in the
atmospheric transportation. We here present a one-dimensional model evaluating
the effect of changes in the zonally averaged atmospheric circulation on the
atmospheric hydrological cycle and dust transportation. The main characteristics of
the altered climate during glacial periods are assumed to be increased baroclinicity,
an equatorward displacement of the baroclinic zone, and reduced evaporation. The
mode] reproduces the zonally averaged hydrological cycle of the present climate
reasonably well, and it produces a halving of snow accumulation in polar areas for
glacial periods. From the ice core data we obtain a power law dependence between
the concentration of dust in the ice and the accumulation related to long-term
climate variations. With the input of dust to the atmosphere being independent of
the simulated climate, the model reproduces this power law. The obtained power
is strongly dependent on the assumed position of the dust sources. For reasonable
estimates of the present-day dust sources the simulated mechanism may account for
a twofold to sixfold increase in dust concentration in polar ice from interglacial to
full glacial conditions. Concurrently, the atmospheric content of dust is increased

at all latitudes during the glacial period.

1. Introduction

Ice core data reveil a strong connection between the
amount of eolian dust deposited on the polar ice sheets
and climate variations as recorded by 620, the tem-
perature proxy [Hammer et al, 1985; Petit et al.,
1981; Thompson and Mosley-Thompson, 1981]. Re-
cently this connection has been quantified by Marsh
and Ditlevsen [1997], who for the Greenland Ice Core
Project (GRIP) ice core found a strong negative corre-
lation between 6280 and the calcium concentration, a
proxy for continental dust, for timescales longer than
~200 years.

Several circumstances, such as changes in the source
areas, increased production due to higher wind speeds
over the source areas, and altered transportation routes,
may contribute to the increased amounts of eolian dust
during cold periods. The sources of dust during glacial
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periods may have been different from the present ones
due to the occurrence of additional arid/semiarid ar-
eas, the covering of potential source areas by ice sheets
(e.g., the Laurentide ice sheet), and the uncovering
of shelf areas as a result of the decreased sea level.
From geological records and general circulation models
(GCMs), for example [Kutzbach and Wright Jr., 1985],
as well as from a statistical analysis of ice core data
[Ditlevsen et al., 1996], it appears that the glacial atmo-
sphere was more stormy than the present. This makes
an increased uptake of dust plausible. An equator-
ward displacement of the baroclinic zone during glacial
times implies a change of the atmospheric hydrologi-
cal cycle and a redistribution of the deposition areas
of dust. Simultaneously stronger baroclinicity results
in higher wind speeds and shorter transportation times
across the baroclinic zone. Taken together with a gen-
erally decreased precipitation, these factors imply an
increased residence time of dust in the atmosphere and
a more dusty atmosphere. Three-dimensional (3-D)
GCM simulations [Andersen and Genthon, 1996; Gen-
thon, 1992; Joussaume, 1993] did not succeed in repro-
ducing the observed concentrations of dust in glacial
ice, and a 2-D model study [Yung et al., 1996] showed
that by reducing the washout rate of dust in the at-
mosphere, an enhancement by a factor 2-3 of dust in
Antarctic ice results. This is still a factor of 3 short if

8955



8956

compared with measured data. From a 0-D model con-
sidering the influence of altered transit and residence
times on the deposition of impurities, [Hansson, 1995]
found a tenfold increase in the impurity concentration
as observed for the Renland ice core. K. Fuhrer et al.
(Causes of dust variability in the GRIP (Greenland)
ice core in the last 100,000 years, submitted to Earth
and Planetary Science Letiers, 1997) recently discussed
the relative importance of the different factors influ-
encing the calcium concentration (representing dust) of
the GRIP ice core in the past 100,000 years, differen-
tiating between shorter interstadials and an underlying
long-term trend. They ascribed short-term variations
to higher wind speeds in the source areas together with
increased residence times, caused by decreased precip-
itation rates, and ascribed long-term trends partly to
changes in transportation efficiency connected to the
waxing and waning of ice sheets.

In order to estimate the relative importance and or-
der of magnitude of the major mechanisms influencing
the amount of dust in polar ice cores, we have con-
structed a 1-D diffusive model of the transport of mois-
ture and passive tracers from their low- and middle-
latitude sources to the polar regions. Results of this
model are evaluated by comparison with measurements
of C1~ and insoluble dust [De Angelis et al., 1997; Stef-
fensen, 1997] obtained from the GRIP ice core drilled
at the summit of the Greenland ice cap [Greenland Ice
Core Project members, 1993].

2. The Model

In the model the climatology is prescribed by the zon-
ally averaged midatmosphere temperature T. The in-
terglacial temperature profile is prescribed from present-
day climatology [Pewreto and Qort, 1992], and the
main difference between the full glacial (FG) and the
interglacial (IG) atmosphere is assumed to be a larger
equator to ice-rim temperature difference and, for the
northern hemisphere, extended ice sheets at high lat-
itudes during glacial periods. This implies a steeper
baroclinic zone, which is moved equatorward, as seen
in Figure la. The temperature difference at 80°N lati-
tude between the two extreme cases, the present climate
and the climate of the last glacial maximum (LGM),
is taken to be 15°C, in between the maximum value of
22°C suggested by [Johnsen et al., 1995] for the summit
of the Greenland ice sheet and earlier lower estimates
[Johnsen et al., 1992]. The temperature difference at
the equator is taken to be 5°C [Guilderson et al., 1994].
The robustness of the model toward variation of the
different parameters described here is discussed in sec-
tion 3.1.

Atmospheric transportation is described as a diffu-
sion, with a diffusion constant varying latitudinally
in proportion with the temperature gradient, k(@) =
K0T /0¢ [Wiin-Nielsen, 1988]. With p = sin¢, ¢ be-
ing the latitude, a being the Earth radius and all quan-
tities referring to zonal averages, the dynamics for a
constituent, x(u,t), is determined from
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Figure 1. Latitudinal atmospheric profiles of (a) tem-
perature, (b) precipitation, and (¢) atmospheric mix-
ing ratio of dust corresponding to the different climatic
scenarios in the model. The solid curves correspond
to present-day conditions, and the dotted curves corre-
spond to full glacial conditions. Dashed curves in be-
tween correspond to intermediate conditions. The bold
vertical line indicates ¢ = 70°, and the thin vertical
lines in Figure 1b indicate the location of areas 1-4.

Oz
E _ ——(—ka(l - ,Ltz)) = Zin — Zout- (1)

This dynamic equation applies for moisture, g(u,t), as
well as dust, c¢(p,t), with the terms on the right-hand
side being specific for the two species. The position
of the maximum temperature gradient is the baroclinic
zone, in which the poleward transport of moist air is at a
maximum. Thus the physics described by the diffusion
is the baroclinic transportation. The value of k' is 1 x
10'2 m?/d consistent with Wiin-Nielsen [1988].

The first term on the right-hand side is the prescribed
evaporation ¢jn, or dust uptake c¢j,. These input func-
tions are chosen to be of the form
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Tin = Lo exp(—i)
T

(2)

For zin being the evaporation, v, is equal to 40°, and
the maximum flux z¢ is proportional to the saturated
moisture content ¢sa¢ of the air at ¢evap = 15°. The
constants were determined by comparison of the re-
sulting latitudinal variations of atmospheric humidity
and evaporation-precipitation with climatic data of the
present atmosphere [Peizeto and Oort, 1992]. This
formulation makes the evaporation dependent on the
variation of the subtropical temperature but not on the
exact form of the temperature profile.

As the aim of this study is to evaluate the influence of
a changed atmospheric circulation on dust transporta-
tion, dust uptake is taken to be independent of glacia-
tion. The maximum value of the dust input curve, cg,
is set to 1 arbitrary unit (au) per day. The exponen-
tial form is adjusted such that the resulting atmospheric
mixing ratio of dust at low latitudes is 2 orders of mag-
nitude higher than at high latitudes, as inferred from
present-day observations [Duce, 1994; Prospero, 1996].
This implies v, = 10°.

The exponential form of the input curves is certainly
very simplified, but it supplies a constant source of
moisture and dust from the lowest latitudes. Further-
more, it facilitates the apprehension of the competing
processes of transport and washout. Section 3.3 de-
scribes an experiment where the input function for dust
was separated into four distinct latitudinal bands. This
allows an estimation of the behavior of the model for
more realistic source areas of dust.

The precipitation gout is calculated from

(3)

-2 T
gou = max(0, =2l

where A = 0.5 as determined by comparison of the rel-
ative humidity with present climatology [Peizeto and
Oort, 1992]. The time constant of the formation of pre-
cipitation, T, is taken to be 0.1 day, but the model is
rather insensitive to the exact value of 7.

Wet deposition of dust is parametrized following Gen-
thon [1992] :

Cout = ¢[1 — exp(—aQoutdt)]/dt (4)
where ¢ is the atmospheric mixing ratio of dust and o
is a scavenging coefficient equal to 0.1 m?/kg. Qout is
the total flux of precipitation to the ground at a given
latitude. From the results for cout and gout the concen-
tration of dust in precipitation is calculated as conc =
Cout/qout- The model only accounts for wet deposition,
and there is no estimation of the influence of an altered
climate on dry deposition. Furthermore, the model only
describes large-scale precipitation from baroclinic lifting
and does not account for convective processes. This im-
plies that the hydrology of the tropics is not reproduced
realistically.
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3. Results and Discussion

The model reproduces the present-day zonally av-
eraged hydrological cycle of the northern hemisphere
rather well (Figure 1b, solid line). In addition, it shows
a halving of precipitation at high latitudes between IG
and FG, comparable to what is found from ice core data
(Figure 2).

The simulation of dust transportation in the model
is compared here with data obtained from the GRIP
ice core, where the concentration of C1~ and insoluble
dust has been measured at high resolution over selected
intervals within the last glacial cycle. A scatterplot of
the concentration of Cl~, a proxy for maritime aerosols,
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Figure 2. Comparison of the modeled concentration of
impurity in the ice at ¢ = 70° as a function of precip-
itation (plus signs). The modeled values are compared
with measurements of Cl~ (in peq/kg) and continental
dust (in pg/kg) obtained from the Greenland Ice Core
Project ice core (triangles) [De Angelis et al., 1997; Stef-
fensen, 1997]. The actual measured data set has been
reduced by averaging first over 55-cm-length intervals
and then over 50 evenly distributed accumulation bins.
The first averaging eliminates single measurements with
extreme values of 6180, and we obtain a picture of the
general long-term trend. The accumulation (acc) was
calculated from the 6180 isoto?e ratio, through the re-
lation acc = 0.23 x exp(0.14(6'80+35.2)) m/yr [Dans-
gaard et al., 1993]. Although this is a somewhat simpli-
fied relationship [Kapsner et al., 1995], we assume that
it is valid for the purpose of these long-term consider-
ations. Overlain on the data are curves with powers 3
of 1.9 and 4.1.
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and continental dust shows approximately a power law
relation between accumulation and impurity concentra-
tion, concentration o accumulation™#, where the power
8 is approximately 1.9 for the maritime aerosols and 4.1
for the continental dust (Figure 2). Although both im-
purities show this power law behavior, the difference
in the power suggests that over a glacial cycle different
mechanisms for the loading of aerosol into the ice dom-
inate for the two types of aerosol. This is consistent
with earlier findings of Mayewsk: et al. [1994].

Dust concentration and precipitation at 70° latitude
(corresponding to the summit of the Greenland ice
sheet) show negative correlation for the equilibrium so-
lutions to the model (Figure 2). This is a consequence
of the prescribed changes in (1) strength and position
of the baroclinic zone and (2) evaporation due to the
changes in tropical temperatures. In the glacial atmo-
sphere the computed precipitation is reduced and con-
centrated in the baroclinic zone (Figure 1b) such that
the washout of dust becomes less efficient and atmo-
spheric dust ”survives” for longer time. This is re-
ferred to in the following as the hydrological mecha-
nism. In the model the mixing ratio of dust in the FG
atmosphere is generally increased as compared with the
warm IG atmosphere. This increase varies with latitude
from a factor of 1.5 at the equator to a factor of 5 close
to the pole (Figure 1c).

Besides showing an increased transportation of im-
purities to high latitudes for glacial climates, the model
reproduces the power law dependence found between
the measured concentration of impurities in the ice and
precipitation (Figure 2). The model as described here
results in a dependency with a power of # = 2 and an in-
crease in dust concentration from IG to FG conditions
by a factor of 4.5 (Table 1). The modeled precipita-
tion as plotted in Figure 2 is somewhat higher than the
accumulation obtained from ice core data. However,
the model does not account for orographic effects. As
may be seen from a precipitation map for Greenland
[Ohmure and Reeh, 1991], the excess in precipitation

Table 1. Results of Sensitivity Tests for ¢ = 70°

B  gout,FG/gout,;jc  Concrg/Concig
Control 2.06 0.48 4.50
7. =5°C 3.97 0.48 18.09
o =0.02m?*/kg  1.48 0.48 2.96
o = 0.5m>/kg 1.14 0.48 2.30
ATyogoo =10°C  1.75 0.49 3.49
ATy_goo =22°C  2.43 0.47 6.38
ATyoge = 0°C 2.41 0.73 2.11
Pevap = 5°C 2.04 0.50 4.11
Pevap = 25°C 2.12 0.44 5.84

Corresponding values for the control run are vy, = 10°,
AT¢=800 = 15°C, AT¢=0° = 5°C, ¢evap = 150, and a =
0.1 m*/kg (A=Difference between the IG and the FG value).
Abbrevations are FG, full glacial; IG, interglacial; and conc,
concentration.
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corresponds quite well to the difference in precipitation
rate between the summit of the ice sheet and coastal
stations.

3.1. Robustness of the Model

The efficacy of the modeled hydrological mechanism
depends to varying degrees on the values chosen for the
different parameters. The results of an investigation of
these dependencies are presented in Table 1.

The input curve for dust, ¢, in the model is rather
empirical, and the power # is very dependent on the
shape of the input curve, with, for example v, = 5°
resulting in § = 4 and an 18-fold increase of dust con-
centration in the ice at ¢ = 70°. With this value of
7. in the model a low- to high-latitude ratio in mixing
ratio of 102 is produced for the corresponding aerosol.

Another parameter having a significant influence on
the hydrological mechanism is the scavenging coefficient
a. As may be seen in the work of Genthon [1992], the
exact value of & depends on (1) the type of scavenging
(nucleation or collision), (2) the state of the involved
precipitation (liquid or solid), and (3) the size of the
involved particles. Since this model gives no estima-
tion for the first two factors, we chose an intermediate
value corresponding to particles with a radius represen-
tative of long-range transported particles (r = lum),
ie.,, @ = 0.1 m%/kg. The robustness of the model to-
ward a variation of this parameter was tested. Set-
ting &« = 0.5 m?/kg implies a stronger scavenging of
particles, such that washout of dust generally exceeds
transportation. Consequently, especially at high lati-
tudes, the washout is dictated by the prescribed input
of dust, which does not change during climate varia-
tions in this model. As seen in Table 1 this produces a
value of 3 close to 0. For lower values of ¢, for example,
a = 0.02 m?/kg, the washout of particles becomes less
efficient. This results in generally higher atmospheric
dust contents, and the low- to high-latitude ratios are
decreased due to the diffusion process. Since precipi-
tation is unaffected by the value of «a, the washout of
dust for different values of a varies concurrently with
the atmospheric dust content ¢. The difference in high-
latitude atmospheric dust content between the differ-
ent climatic scenarios is coupled to the efficiency of
washout, implying a greater difference for a higher . A
relatively higher ¢« will thus produce a higher 8. In this
way the efficacy of the hydrological mechanism is very
dependent on the balance between washout and trans-
portation of particles such that both very high and very
low values of & actually decrease the value of 8. The
parameter variations of 4. and « described above only
affect the aerosol transportation and not the hydrolog-
ical cycle as such.

Changing the difference in pole temperature between
IG and FG periods mainly implies a redistribution
of precipitation across the baroclinic zone, since the
direct influence on gi, (through the temperature at
Pevap) 38 ON gsat 1s minor. As can be seen from Ta-
ble 1 the consequence is a very small change in pre-
cipitation (gout,FG/qout,iG) at ¢ = 70° with an in-
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creased/decreased concentration of dust in the ice for
the higher/lower temperature difference, i.e., for the
stronger/weaker baroclinic zone. However, imposing
ATy=g0e = 22°C (see Table 1 for notation) produces
a somewhat unrealistic zone, with gou = 0 at low lati-
tudes (10° < ¢ < 20°).

Leaving the equator temperature unchanged between
IG and FG conditions (AT =g = 0°C) produces about
equally high evaporation for the different climate con-
ditions, such that the main effect of the hydrological
mechanism is through a redistribution of precipitation
over the baroclinic zone, with the total amount of pre-
cipitation being unaltered. The result is an almost un-
changed 8, but with gout and coyt varying over much
smaller ranges than for the control run.

Similarly, it may be seen that the effect of changing
Pevap i to alter the total moisture content of the model
and with that the total washout of dust. Accordingly,
B remains close to constant, with the value ranges for
Gout and coyt varying.

To sum up, this shows that the hydrological mecha-
nism is robust to most of the chosen parameters, with
the main control being exerted through 4. and «. In
this way our model suggests that the hydrological mech-
anism described here may account for a twofold to 18-
fold increase in impurity concentration at ¢ = 70°.

3.2. The Relative Importance of
Transportation Versus Washout

Two competing processes determine the effectiveness
the hydrological mechanism. These processes are (1)
transportation and (2) washout of particles. The rela-
tive importance of these processes changes between dif-
ferent latitudinal bands, as illustrated through a box
diagram shown in Figure 3.

In order to elucidate the importance of these pro-
cesses we summed the washout and transportation of
dust particles over the areas indicated in Figure 1b.
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Figure 3. Box diagram illustrating the relative im-
portance of transportation and washout for area 1 to
area 4 (defined in Figure 1b). The numbers are dust
fluxes into, out of, and between the areas. Horizon-
tal arrows indicate transportation between the areas,
upward arrows indicate uplift of dust, and downward
arrows indicate washout of dust.
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These areas were chosen according to the characteristics
of the hydrological cycle in the following way:

1. Area 1 is the area between the equator and ¢ =
15°. This is an area where precipitation decreases with
latitude and where IG precipitation is higher than FG
precipitation.

2. Area 2, the area between ¢ = 15° and ¢ = 30°,
contains the precipitation minima for all climate condi-
tions. Again, precipitation is highest for IG conditions.

3. Area 3 (30° < ¢ < 45°) contains the precipita-
tion maxima for all periods, i.e., the main part of the
baroclinic zone. As a result of the stronger baroclinic
zone for glacial conditions this is the only area where
FG precipitation exceeds IG precipitation.

4. Area 4 is the area poleward of 45°. Precipitation
decreases monotonously with latitude, being highest for
IG conditions.

Returning to Figure 3, it should be kept in mind
that the areas are only of approximately equal sizes,
as they were chosen from a hydrological point of view.
Areas 1-4 contain 24, 22, 18, and 26 latitudinal bands,
respectively, of equal sizes. They are thus appropri-
ate for comparison of the magnitude of the different
processes for each area and of changes in between the
climatic scenarios. However, comparison of values in
between the different areas should be done with cau-
tion. Keeping this in mind, it may be noted by looking
at Figure 3a that for IG conditions both transporta-
tion and washout decrease monotonously with latitude,
when the input is prescribed by ¢, as described in sec-
tion 2. Washout exceeds transportation out of areas
1, 2 and, 3 by decreasing factors of 25.9, 5.2, and 3.9,
implying that transportation becomes relatively more
important as the baroclinic zone is approached. For
FG conditions (Figure 3b), washout and transportation
again decrease with increasing latitude, but with local
maxima for area 3 and between area 2 and 3. This is
anticipated as a consequence of the strengthening and
equatorward movement of the baroclinic zone. Again,
washout is mostly stronger than transportation out of
the areas, with the exception that transportation out of
area 2 is actually stronger than washout. This results
in ratios of washout over transportation of 4.47, 0.91,
and 3.88.

The factors noted above show that at low to mid-
dle latitudes the relative importance of transportation
as compared with washout increases greatly when go-
ing from IG to FG conditions. In fact, transportation
increases by factors of 3-5, lowest between the areas
closest to the pole. This is a consequence of the equa-
torward movement of the baroclinic zone. Washout of
dust from the areas decreases weakly for the two first
areas and increases by a factor of 3 for area 3. These
changes may all be ascribed to the changed precipi-
tation in these areas. However, as a consequence of
the highly increased atmospheric dust content, washout
from area 4 increases by a factor of 2.3 despite a de-
crease in precipitation by 0.75 (not shown). It may be
concluded that between IG and FG conditions, atmo-
spheric transportation of impurities increases largely at
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all latitudes, with the washout decreasing at low lati-
tudes and increasing at high latitudes.

3.3. Location of the Aerosol Sources

Biscaye et al. [1997] showed that for the LGM the
source areas of dust found at the summit of the Green-
land ice sheet were most likely east Asian deserts. Such
midlatitude sources are particularly sensitive to the hy-
drological mechanism since their location relative to the
baroclinic zone may change considerably in the course
of climate variations. Washout of dust on the way from
sources poleward of the baroclinic zone is considerably
weaker than for sources farther equatorward. Moreover,
a change in the location of source areas with time could
influence the effect of the hydrological mechanism con-
siderably. Enhanced loess accumulation, short-range
dust transportation, for example [Pye, 1987], a gen-
erally increased aridity [Sarnthein, 1978], as well as
higher wind speeds, are all indications of higher dust
production during the LGM.

In order to test the effect of the hydrological mecha-
nism on dust deriving from sources at different latitudi-
nal locations, we have split the general source function
of dust cjn into four independent areas. As the model is
linear in terms of dust, this amounts to the same total
curves as discussed earlier.

The location of the different areas was chosen from
the behavior of the hydrological cycle as explained in
section 3.2. As mentioned earlier the exponential form
of the input curve is very idealized and was mainly cho-
sen for the sake of simplicity. However, when splitting
the curve into the four distinct areas, the following may
be noted:

1. Area 1 for both hemispheres contains mostly trop-
ical areas and very few potential dust sources. It will
not be included in further discussion of sources of long-
range transported dust.

2. Area 2 for the northern hemisphere contains most
of the African and Arabian sources of eolian dust. For
the southern hemisphere it contains source areas in
Africa and Australia.

3. Area 3 contains mainly source areas in Asia
and North America for the northern hemisphere and
in South America for the southern hemisphere. This
area includes the most likely sources of dust transported
both to Greenland [Biscaye et al., 1997] and to Antarc-
tica [Basile et al., 1997] during the LGM.

4. Area 4 contains very few source areas of dust for
the present-day climate, but it includes shelf areas at
high latitudes, which were exposed during the LGM and
which may have been possible sources of eolian dust.

In area 2, washout close to the source area is high-
est for IG, and since the total amount of precipitation
is decreased for FG this amounts to highest concentra-
tions of dust from this area for FG at all latitudes (see
Figure 4). For area 3 (30° < ¢ < 45°), washout close to
the sources is highest for FG conditions, but it is highest
for IG conditions poleward of the source area, inferring
highest concentrations close to the source areas for IG
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Figure 4. Resulting latitudinal profiles of the concen-
tration of dust in precipitation, when the sources are
split into four areas. Results are presented for inter-
glacial (thin curves) and full glacial (bold curves) con-
ditions. The bold vertical line indicates ¢ = 70°.

conditions, but for FG conditions everywhere else. For
source area 4 (poleward of 45°), precipitation is high-
est during IG, such that most dust is washed out over
the sources during IG, with resulting lowest concentra-
tions for these conditions. To sum up, the hydrological
mechanism is most effective for sources areas close to
the equator with decreasing effectivity poleward. How-
ever, the effect of the mechanism at midlatitudes is very
dependent on the exact location of the sources.

Regarding the concentration of dust in the ice at
¢ = 70°, it is seen (Figure 4) that the increase from FG
to IG is stronger, the farther equatorward the source
area of the dust is. However, since there are only few
potential sources of dust transported to polar ice caps
in area 1, the strong increase found for dust from this
area is rather unrealistic. The concentration of dust
from area 2 increases by a factor of 6, whereas the con-
centration of dust from area 3 only increases by a factor
of 2.

Deep-sea sediment cores provide a long-term record
of transportation of eolian material. They generally
indicate that the amount of dust transported in the
northern hemisphere may have been 3-5 times higher
during glacial times than now [Rea, 1994]. During
recent years several, low- to middle-latitude ice cores
have been drilled. They, too, provide evidence of in-
creased amounts of eolian dust at these latitudes dur-
ing glacial periods. In an ice core taken from the Dunde
ice cap in China [Thompson et al., 1990], a fourfold to
eightfold fold increase in dust concentration from IG
to FG conditions was found. Another Asian ice core
from the Guliyaice cap on the Qinghai-Tibetan Plateau
[Thompson et al., 1997] shows increased dust levels in
glacial ice of about a factor 100 higher than in inter-
glacial ice. A corresponding increase of about 200 is
found in two tropical ice cores from Huascaran, Peru
[Thompson et al., 1995].
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When investigating the corresponding results from
the model (Figure 4), it is found that the concentra-
tion of dust from low-latitude sources (area 1) increases
only by a factor of about 2 at ¢ = 10° (approximately
the location of the Peruvian cores). However, as earlier
mentioned, the tropics are not necessarily realistically
simulated in this model. For ¢ = 40° (corresponding to
the Asian ice cores), we find an increase in concentra-
tion by a factor of 10 for dust from source area 1, by a
factor of 4 from area 2, and by a factor close to 0 for
dust from the other areas. This may correspond to the
overall increase found from ocean cores as well as the
increase found in the Dunde ice cap, but the increase
found in the Guliya ice cap is certainly not reproduced.
A possible explanation may be that this ice cap is in
relative proximity of potential source areas, and local
features which are not captured by this model may play
a significant role.

3.4. Sea Salt

Assuming that the global ocean sources of sea salt
transported to high latitudes did not change consid-
erably over the last glacial cycle, it is plausible that
(to a first approximation) the hydrological mechanism
taken together with an increased uptake due to higher
wind speeds accounts for the whole change in mar-
itime aerosol load in the ice core. Owing to the higher
scavenging ratio for hygroscopic sea salt, resulting in a
smaller 3, the results of this model are somewhat exag-
gerated when applied to sea salt. In this way the value
of B = 2.0 produced by the model fits very well with
the increase found for the marine aerosol (Cl17) in the
GRIP ice core (3 = 1.9).

4. Conclusions

From the hydrological mechanism described by our
model we can reproduce the power law dependence be-
tween the concentration of aerosols in polar ice and
snow accumulation, which is observed for both mar-
itime and terrestrial aerosols. The power obtained in
the model depends on the exact form of the input curve
of the aerosol, i.e., on the location of the sources rela-
tive to the baroclinic zone. In this model, strength and
location of the aerosol sources do not change with cli-
mate. Assuming that the input of aerosols to the atmo-
sphere decreases exponentially with latitude and using
reasonable estimates for the parameters in the model,
the hydrological mechanism in the model may account
for a twofold to 18-fold increase in the concentration
of an impurity found in polar ice cores. In this way
the hydrological mechanism can explain most of the in-
crease observed for maritime aerosols. However, when
taking into account the location of realistic source ar-
eas of dust transported to polar ice caps, it appears that
the hydrological mechanism probably only accounts for
a factor of between 2 and 6 of the observed 100-fold
increase. The model simulates increased atmospheric
dust contents for the glacial climate by a factor of up to
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5, but the very high increase in dust concentrations that
have been reported from some low- to middle-latitude
ice cores cannot be reproduced.

This implies that although the hydrological mecha-
nism as simulated here may have a significant influ-
ence on the increased dust amounts found in polar ice
caps during glacial periods, other factors must be at
least equally important. In this simplified 1-D model
we have not attempted to evaluate the effect of higher
wind speeds during glacial periods on the uplift of dust,
nor can we account for changes in zonal transportation,
which may be quite significant due to, for example, the
waxing of the Laurentide ice sheet. These factors to-
gether with possible changes in the exact source extents
and locations will have to be investigated with more
complex models such as GCMs.
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