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Abstract A reduction in dust over North Africa during the mid-Holocene “Green Sahara” period
could have amplified precipitation, helping reconcile climate model simulations with paleo-precipitation
reconstructions. Here we test this using general circulation model simulations including interactive dust.
We calculate a dust-precipitation amplification factor using three different dust configurations to evaluate
the sensitivity to dust optical properties and particle size range. The resultant amplification ranges from
−20% to 50%. With more absorbing dust properties, there is a large negative net radiative effect and hence
a larger impact on the hydrological cycle. With the inclusion of particles greater than 1 𝜇m in radius, the
precipitation amplification is reversed. Based on the simulations which best match observed Saharan dust
properties, we conclude that there was a limited enhancement of precipitation due to reduced dust during
the mid-Holocene, meaning other aspects of the climate system should be the focus of future research.

Plain Language Summary From around 11,000–4,000 years ago, the area that is the modern
day Sahara desert was covered in vegetation—the “Green” Sahara. This was brought about by long-term
variations in the orbit of the Earth and the resultant changes in the distribution of incoming sunlight.
However, when this period is simulated with climate models, the simulated rainfall increase is not
adequate to maintain vegetation. We also know that this time period showed much reduced atmospheric
dust from the desert. Here we study the effect of this dust reduction using a coupled climate-dust model.
We find that the reduction in dust had little impact on rainfall change, because dust has opposing effects
on heat and radiation in the atmosphere that approximately balance over North Africa. To understand
this response, we configured different versions of our climate-dust model and show that the result is
highly dependent on the physical characteristics of the dust particles that are given to the model. With the
more realistic and up to date measurements from Saharan particles, the rainfall feedback is small. This
means that future research needs to focus on rainfall processes in the atmosphere to better understand this
“Greening” of the Sahara.

1. Introduction
During the early- to mid-Holocene, today's Sahara desert was mostly replaced by an area with vegetation
(Hély et al., 2014; Lezine, 2017), lakes (Kohfeld & Harrison, 2000), and human and animal habitation (Dunne
et al., 2012). Ultimately, this profound environmental conversion was forced by well-understood variations
in the orbit of the Earth. This caused an intensification of the seasonal cycle of insolation in the northern
hemisphere, though with little change in the insolation summed over a calendar year.

A summer insolation increase is thought to enhance monsoon circulations and precipitation (Joussaume
et al., 1999; Kutzbach & Otto-Bliesner, 1982), but a number of feedbacks are also invoked to explain the
amplitude of change during the early to mid-Holocene (Claussen et al., 2017). These include land surface
and vegetation change (Braconnot et al., 1999; Coe & Bonan, 1997; Krinner et al., 2012) and ocean feedbacks
(Braconnot et al., 1999). In response to a change in the orbital configuration, almost all general circula-
tion models (GCMs) fail to reproduce the inferred amplitude of precipitation increase (Harrison et al., 2015;
Perez-Sanz et al., 2014; Tierney et al., 2017). This may be because of weaknesses in dynamic vegetation
schemes (Hopcroft et al., 2017) or because of more fundamental atmospheric dynamics. Only a few simula-
tions (Claussen & Gayler, 1997; Egerer et al., 2016), some with large surface albedo changes (e.g., Levis et al.,
2004; Pausata et al., 2016; Skinner & Poulsen, 2016), reproduce a stronger response, although in general the
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latitudinal pattern does not match that inferred from pollen, with too much precipitation at around 10◦ N
and not enough further north (Egerer et al., 2016; Pausata et al., 2016).

Desert dust is a key component in north Africa that has received relatively little attention in terms of
Holocene climate change. Today, the Sahara is the single largest source of mineral dust on the planet
(Huneeus et al., 2011). During the early to mid-Holocene, marine core sediment records show a 60–80%
decline in dust deposition within around 100 km of the west African coast (deMenocal et al., 2000; McGee
et al., 2013) and a similar reduction as far as the mid-Atlantic ridge (Middleton et al., 2018) and the Bahamas
(Williams et al., 2016). This reduction in the Atlantic dust was probably caused by increased land surface
coverage from vegetation and lakes (Egerer et al., 2016).

Pausata et al. (2016) and Gaetani et al. (2017) proposed that a large reduction in tropospheric dust during the
mid-Holocene over north Africa would have enhanced the Saharan heat low, thus drawing the west African
monsoon further north. In the model used, EC-Earth, a prescribed 80% reduction in dust aerosol optical
depth (AOD) together with a prescribed vegetated Sahara, forced a precipitation increase of more than 50
mm or up to 50% at 20–30◦N, relative to only changing the vegetation. Such an amplification would help
to reconcile model simulations with reconstructed precipitation anomalies and would be an important step
forward in understanding past monsoon dynamics in the region.

However, different models have different size ranges of dust particles and different optical properties
(Huneeus et al., 2011; Kok, 2011; Miller et al., 2014), as compared in supporting information Table S1 (Chin
et al., 2002; Kopke et al., 1997; Lau et al., 2009; Miller et al., 2004; Patterson, 1981; Patterson et al., 1977;
Sinyuk et al., 2003; Sokolik et al., 1993; Solmon et al., 2008; Volz, 1973; Woodward, 2001; Yoshioka et al.,
2007; Zakey et al., 2006). Many of these models are outside the range of more recent observations, which
are also summarized in Table S1 (Haywood et al., 2003; Kim et al., 2011; McConnell et al., 2010; Patterson
et al., 1977; Ryder et al., 2013; Sinyuk et al., 2003; Todd et al., 2007). There are also large uncertainties sur-
rounding the representation of atmospheric convection and the land surface in North Africa (e.g., James
et al., 2018; Vellinga et al., 2016; Vogel et al., 2018).

Here we employ an Earth System model (HadGEM2-ES) to quantify the role of dust as a feedback process for
monsoon enhancement and warmth during the mid-Holocene. This model includes a fully interactive dust
cycle that resolves interactive emissions, transport and deposition processes, and dust-radiation interactions.
We report simulations of the preindustrial and mid-Holocene with and without a prescribed vegetated north
Africa. In order to compare results from HadGEM2-ES with other models, we additionally test the role
of different dust particle size ranges and dust optical properties (e.g., Miller et al., 2014). We use paired
simulations with dust-radiative effects disabled to quantify the climatic influence of dust in the model.

2. Methods
2.1. GCM and Coupled Dust Scheme
We employ an atmosphere-only configuration of HadGEM2-ES (Collins et al., 2011; HadGEM2 Develop-
ment Team, 2011). HadGEM2-ES has a horizontal resolution in the atmosphere of 1.875◦ × 1.25◦ with 38
unequally spaced vertical levels, 11 of which are above 15 km. It uses a semi-Lagrangian nonhydrostatic
dynamical core (Martin et al., 2006). Land surface processes are simulated with an updated version of the
Met Office Surface Exchange Scheme (Essery et al., 2003), which is coupled to a dynamic dust model, which
represents emissions and transport and deposition, as well as the direct and semidirect radiative effects
(Bellouin et al., 2011; Woodward, 2011). The HadGEM2-ES dust cycle has been configured based on obser-
vations from north Africa (Bellouin et al., 2011) and has been analyzed in detail for present day (Fiedler
et al., 2016) and last glacial maximum conditions (Hopcroft et al., 2015). It simulates particle sizes in six
classes up to a radius of 31.6 𝜇m with radiative properties from Balkanski et al. (2007). A preferential source
map is used (Woodward, 2011), but otherwise, emissions are a function of particle size-dependent threshold
friction velocities, wind speed, soil moisture, and vegetation fraction.

In this work dynamic vegetation is disabled, and prescribed fields from observations are used for the prein-
dustrial simulations. With this we use HadGEM2-AMIP dust parameters (Jones et al., 2011, their section
9.2) which give a larger dust flux per unit area of bare soil than in HadGEM2-ES. The lower dust emission
efficiency in the latter is required to compensate for the overly expansive bare soil area simulated by the
dynamic vegetation scheme. Our setup gives a much more realistic total and dust-only AOD over North
Africa than that reported by Kim et al. (2014) for HadGEM2 (see Figure S1, Evan & Mukhopadhyay, 2010).
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Figure 1. Response of the dust cycle to imposed “Greening” of the Sahara in mid-Holocene simulations with HadGEM2-ES relative to the preindustrial:
(a) surface albedo change, (b) dust aerosol optical depth change (at 0.55 𝜇m), (c) dust mass mixing ratio change (%) averaged from 30◦W to 20◦E, and
(d) dust deposition change (%). See Table 1 for regional values and anomalies. AOD = aerosol optical depth.

We perform preindustrial simulations following Coupled Model Intercomparison Project phase 5 (CMIP5)
boundary conditions (Jones et al., 2011). For the mid-Holocene, the orbital parameters are set to condi-
tions for 6ka following the Paleoclimate Model Intercomparison Project Phase 3 (PMIP3) protocol, and the
Sahara region is replaced with 100% grass coverage. This is referred to as “Green Sahara” or GS below. This
is approximately equivalent to the simulations by Pausata et al. (2016) and the midHolocene-veg simulations
described by Otto-Bleisner et al. (2017) for PMIP4. The vegetation coverage prevents any emissions of dust
from this region in the model and is specifically designed to produce the largest theoretical change in dust
and hence in dust-climate effects. Sea surface temperatures (SSTs) and sea ice in both cases use a climatol-
ogy from HadISST from the years 1871–1900. These are not meant to be realistic for the mid-Holocene but
are chosen to simplify the analyses. Greenhouse gases are not modified for the mid-Holocene because the
reduction in radiative forcing is too small to appreciably alter precipitation (Otto-Bleisner et al., 2017).

To further understand the role of different-sized particles, we ran HadGEM2-ES using radiative properties
for dust similar to Deepak and Gerber (1983). These values are more absorbing than the default model which
are derived from Balkanski et al. (2007). Second, this model version is configured with dust particles only
in the three smaller size bins (<1𝜇m) in order to mimic other GCMs which have a limited dust particle size
range. All simulations are atmosphere-only and are 30 years in length. All model years are used to calculate
climatologies. These simulations are listed in Table S2. According to the results of several field campaigns
listed in Table S1, the HadGEM2-ES configuration has the most realistic dust optical properties and size
distribution for North Africa. The other two model configurations tested here are similar to some earlier
modeling studies, in having too high a value of the complex refractive index.

3. Results
3.1. Dust Cycle Response
The dust cycle response to the combination of both 6ka orbital parameters and a Green Sahara in
HadGEM2-ES is shown in Figure 1 and is summarized in Table 1. The surface albedo averaged over North
Africa (20–30◦N) reduces from 0.34 to 0.26. The dust AOD at 0.55 𝜇m reduces from 0.20 to 0.01 averaged
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Table 1
Annual-Mean Simulated Changes in Dust Cycle and Precipitation Over North Africa (20–30◦N, 20◦E–20◦W)

Simulation Loading (Tg) DAOD Surface albedo Precipitation (mm/day)
HadGEM2-ES
0ka 1.6 0.20 0.34 0.07
0ka* 1.4 — 0.34 0.07
6ka 2.0 0.26 0.34 0.08
6kaGS 0.0 0.01 0.26 0.20
6kaPD

GS 2.1 0.18 0.26 0.20

6kaGS
* 0.0 — 0.26 0.20

HadGEM2-ES-DG83
0ka 1.6 0.23 0.34 0.07
6kaGS 0.0 0.01 0.26 0.20
HadGEM2-ES-DG83 <1 𝜇m
0ka 0.6 0.22 0.34 0.07
6ka 0.6 0.25 0.34 0.08
6kaGS 0.0 0.01 0.26 0.21
6kaPD

GS 0.6 0.21 0.26 0.18

Note. DAOD is dust aerosol optical depth at 0.55 𝜇m. PD indicates pre-industrial dust in a mid-Holocene
simulation. This is approximated as described in the text.
*Dust-radiative effects are set to zero; dust is a passive tracer.

over the same region. There is a 90% reduction in dust loading over most of North Africa and the equatorial
Atlantic. The dust aerosol layer is reduced by around 80% up to approximately 10 km over most of the
northern hemisphere in the longitudinal zone from 30◦W to 20◦E.

Overall, the complete removal of the north African dust source results in an overly strong reduction of the
dust cycle compared with marine proxy reconstructions (e.g., as compiled by Egerer et al., 2016, in their
table 5, and references therein), but it does serve as an idealized scenario with which to understand the
underlying mechanisms affecting the regional climate.

3.2. Dust-Hydrological Cycle Interactions
The relative change in precipitation is calculated as the anomaly relative to paired identical simulations in
which dust-radiative effects are deactivated. That is,

ΔP1 = ΔP(6k) − ΔP(0k) = P6kaGS − P∗
6kaGS − (P0ka − P∗

0ka), (1)

where * indicates that dust-radiation interactions are deactivated and GS indicates a vegetated Sahara. Simu-
lations without dust-radiation effects are only performed for the HadGEM2-ES simulation as the prescribed
dust optical properties and size range no longer have any influence on the simulated climate.

The percentage change in this anomaly relative to these dust-off simulations are shown in Figure 2. The three
curves are for the default HadGEM2-ES (HadGEM2-ES), the version using more absorbing dust optical prop-
erties (HadGEM2-ES-DG83), and this version with only smaller particles included (HadGEM2-ES-DG83
< 1𝜇m).

North of 10◦N, the precipitation amplification is mostly at the 10% level or less. The HadGEM2-ES-DG83 and
HadGEM2-ES-DG83 <1 𝜇m versions are different. The HadGEM2-ES-DG83 version shows an attenuation
of precipitation by dust, whereas the HadGEM2-ES-DG83 <1 𝜇m shows a larger effect than the standard
version (HadGEM2-ES). The peak is around 15% at 30◦N.

The atmospheric heating impacts in the preindustrial HadGEM2-ES model versions are compared in
Figure S2. This shows that HadGEM2-ES has the weakest long-wave cooling in the atmosphere, while
the short-wave heating is the largest in HadGEM2-ES-DG83. More absorbing optical properties in
HadGEM2-ES-DG83 significantly enhance the negative surface short-wave (SW) and hence net forcing.
Omitting the larger particles in HadGEM2-ES-DG83 < 1 𝜇m mostly retains the positive long-wave (LW)
surface radiative forcing but also slightly reduces the SW term. Overall, the net surface forcing is most
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Figure 2. Relative change (%) in the zonal mean (20◦W–30◦E) and annual mean mid-Holocene minus preindustrial
precipitation and surface air temperature anomaly over North Africa. Anomalies are relative to a control pair of
simulations with no dust-radiation effects, that is, ΔP1∕(P∗

6kaGS − P∗
0ka), where ΔP1 is defined by equation (1). Shown

are the three model versions described in the text. All simulations use the same preindustrial SST fields.

negative in the HadGEM2-ES-DG83 case and is much closer to a balance between SW and LW terms in
HadGEM2-ES.

These radiative forcing changes have the most impact on the preindustrial because dust loading in the 6kaGS
is close to zero. In all preindustrial simulations, precipitation over the Sahara is close to zero, and different
dust schemes make little difference in this arid region. The HadGEM2-ES-DG83 run simulates enhanced
precipitation as a result of the inclusion of dust by around 10%. This is because it has the strongest negative
radiative forcing at the surface and a dominant heating term in the atmospheric column. Although heating
aloft and cooling at the surface will stabilize the column, Lau et al. (2009) showed that it can also pro-
mote inflow of moisture from the Atlantic, increasing precipitation across West Africa. This leads to positive
humidity anomalies in lower troposphere and a small strengthening of the Africa Easterly Jet (Figure S3).
The humidity and temperature terms in the moist static energy budget are dominant (Figure S4). A similar
picture but with weaker heating changes emerges in the HadGEM2-ES-DG83<1𝜇m model, and only a weak
cooling at the surface is simulated in HadGEM2-ES. These two model configurations show lower humidity
and almost no change to the large-scale circulation (Figures S3 and S4) and are both drier as a result of dust
for the preindustrial. Thus, the balance of different processes (e.g., Solmon et al., 2008) is altered by differing
dust-radiative properties among these model versions. The inclusion of dust also impacts precipitation in
the 6kaGS simulations (i.e., relative to the no dust 6kaGS simulations), but the magnitude of the anomalies
is small because the dust loading over the Sahara is significantly reduced (e.g., Figure 1).

Pausata et al. (2016) calculate the precipitation effect slightly differently, as the difference between 6kaGS
with reduced and pre-industrial (0 ka) dust loading:

ΔP2 = P6kaGS − PPD
0ka −

[
PPD

6kaGS − PPD
0ka

]
= P6kaGS − PPD

6kaGS, (2)

where GS signifies a vegetated or Green Sahara, PD signifies pre-industrial dust, and 0ka or 6ka refer to
orbital parameters in the climate simulation. If PD is not specified, then the simulation has interactive dust.
Since dust is coupled to the land surface in HadGEM2-ES, it is not possible to perform a 6kaGS simulation
with pre-industrial dust loading, that is, 6kGSPD in equation (2). Instead, we modified HadGEM2-ES to
allow dust emissions where vegetation is present over the Sahara and ran this model version with 6ka orbital
parameters and a fully vegetated Sahara, thus giving an approximation of 6kGSPD. For this, it is necessary to
adjust the wind threshold parameter to account for the impact of vegetation on boundary layer wind speeds
(only over the Sahara). The resultant dust AOD is within 0.02 of the equivalent preindustrial simulations
(as compared in Table 1 and Figures S5 and S6).

The resultant ΔP2 calculations are shown in Figure 3 for the HadGEM2-ES and HadGEM2-ES-DG83 <1 𝜇m
model versions. The latter shows a very similar percentage amplification of the precipitation anomaly over
North Africa as in the results of Pausata et al. (2016), linearly increasing to 50% by around 25–30◦N. The
default HadGEM2-ES model configuration (HadGEM2-ES) shows less precipitation amplification North
of 10◦N.

The EC-Earth model version is equivalent to the HadGEM2-ES-DG83 <1 𝜇m version, because both models
use similar optical properties (from Hess et al., 1998 and DG83) and have a similar dust size range (<0.90 𝜇m
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Figure 3. As in Figure 2 but showing the percentage difference in the
6kaGS − 6ka precipitation anomaly relative to 6kaPD

GS− 6ka anomaly, that is,
ΔP2, defined by equation (2). Also, shown is the percentage difference in
the precipitation anomaly digitized from Figure 2 by Pausata et al. (2016),
as a result of imposing an 80% dust reduction and a vegetated Sahara.

for EC-Earth and <1 nm). This similarity is borne out by the precipitation
responses compared in Figure 3. This indicates that dust optical property
assumptions can be crucial for understanding the dust-climate feedbacks
in different GCMs.

The difference in the dust-precipitation effect calculations (equations (1)
and (2)) is due to the effect of surface albedo change. Comparing prein-
dustrial or 6kaGS simulations with and without dust will not show any
precipitation change over the northern Sahara. For 6kaGS − 6kaGS∗, the
dust effects are effectively zero due to the very low dust loading, while
for the preindustrial, the precipitation is nearly zero in this zone, irre-
spective of dust effects. When dust is allowed over vegetated land surface,
the radiative impacts are much stronger because of the albedo contrast
between the vegetated land surface and the aerosol layer (as discussed
by Pausata et al., 2016). Hence, the diagnosed precipitation effect of dust
is much larger using equation (2) and could be thought of as an indirect
radiative forcing by the land-surface change.

In both cases, however, the HadGEM2-ES dust properties lead to much
smaller-diagnosed dust-precipitation effects. In equation (2), this is
because HadGEM2-ES has a weaker SW forcing at the surface and a larger
compensatory LW forcing (Figure 4). Since HadGEM2-ES dust properties
are based on observations over the Sahara, whereas the more absorb-
ing HadGEM2-ES-DG83 properties have overly high complex refractive
indices (Balkanski et al., 2007; Haywood et al., 2003; Kim et al., 2011;
McConnell et al., 2010), we conclude that the dust impact on precipita-
tion is likely substantially smaller than estimated by Pausata et al. (2016),
that is, closer to the HadGEM2-ES model results.

3.3. Dust Direct Radiative Forcing
Dust-radiative forcing could also impact the global mean temperature as well as the SST gradient in the
North Atlantic, thereby indirectly influencing precipitation over North Africa. The net downward radiative
flux anomalies due to dust between the preindustrial and mid-Holocene are shown in Figure 4. The stan-
dard HadGEM2-ES configuration shows a net warming effect over the tropical Atlantic but only by 3–7
Wm−2. This increases substantially with the DG83 dust optical properties, but as noted above, these are
likely unrealistic for Saharan dust.

Y. Liu et al. (2018) have suggested that dust may have contributed to Holocene temperature conundrum (e.g.,
see Z. Liu et al., 2014), since less dust exported to the northern hemisphere from a vegetated Sahara will lead
to a surface warming relative to the preindustrial. Our simulations support this mechanism to some extent
but also highlight the substantial contribution from LW effects, which were not included in the model results
of Y. Liu et al. (2018). LW effects act to oppose the warming and are substantial close to the dust source
regions (Kok et al., 2017), such as in the Eastern equatorial Atlantic. Moreover, it has been shown that the
Holocene thermal maximum has the strongest expression north of 30◦N in the North Atlantic (Marsicek
et al., 2018), which is not a region of particularly strong dust-radiative forcing in any of our simulations.
Hence, the explanation for this signal during the mid-Holocene may require other mechanisms.

4. Discussion
In nature, the true dust particle size distribution may be coarser than in most models (Kok, 2011), so that the
ability of dust to absorb solar radiation is even stronger than simulated in HadGEM2-ES (Kok et al., 2017).
These larger particles have a shorter lifetime and are hence more important closer to dust source regions,
such as over the Sahara (Mahowald et al., 2014; Ryder et al., 2013). Comparing HadGEM2-ES-DG83 with
HadGEM2-ES-DG83<1 𝜇m in Figure 2, we see that the larger particles modify the overall dust-precipitation
feedback to be negative. Thus, we suggest that inclusion of a larger tail of heavier dust particles may
further weaken the dust feedback at the mid-Holocene. Furthermore, the majority of models, includ-
ing HadGEM2-ES, neglect LW scattering effects (Dufresne et al., 2002), which could further amplify the
long-wave effects, and therefore further offset SW effects.
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Figure 4. Surface net radiative flux change (Wm−2), 6kaGS minus preindustrial, for SW, LW, and total (SW + LW) due to mineral dust.

The radiative forcing over the tropical Atlantic could have modulated precipitation in North Africa according
to mechanisms previously diagnosed from historical period (e.g., Folland et al., 1986; Hoerling et al., 2006).
However, Yoshioka et al. (2007) estimated that this indirect SST-precipitation feedback from dust is smaller
than the direct impact of dust on the atmospheric radiation balance. The radiative forcing of dust over the
darker ocean surface is generally negative as larger particles with a strong LW forcing are preferentially
lost. Hence, the influence on the SST field may be less model dependent than over desert surface (e.g., see
Figure 4). We leave a full evaluation of this to future work.

Dust-cloud interactions are only just being included in global models (e.g., Sagoo & Storelvmo, 2017).
These may also be important in this region, as shown by relatively strong precipitation changes reported
for idealized low and high dust simulations by Sagoo and Storelvmo (2017). New simulations with a more
sophisticated dust scheme are required to evaluate these effects and their associated uncertainties.

The simulated dust deposition field over the Atlantic reduces by around 90–100% (Figure 1), whereas sedi-
mentary records show a more modest 40–85% reduction (Egerer et al., 2016; Middleton et al., 2018; Williams
et al., 2016). Hence, the overall experimental design employed here is probably overestimating the reduc-
tion in bare soil in the region. However, it is not feasible to derive a percentage vegetation coverage from
pollen data (Hély et al., 2014; Lezine, 2017), and the dynamic vegetation scheme in HadGEM2-ES tends to
simulate overly polarized coverage (i.e., tending to zero or 100%), which is another reason that dynamic veg-
etation was not used in this study. In reality, the impact of a reduced dust loading on the hydrological cycle
may have been even weaker than our model simulations suggest. This lends further support to the main
conclusions of this study.

The soil albedo probably also changed as a result of vegetation growth and associated litterfall. We have
not accounted for this in HadGEM2-ES. Several schemes have been developed, and these allow the surface
albedo to change as a function of vegetation coverage (e.g., Vamborg et al., 2011), which is critical for the
effective radiative forcing by dust (Pausata et al., 2016).

5. Conclusions
We used a GCM HadGEM2-ES which includes an interactive mineral dust cycle to test the role of
dust-radiative forcing in the precipitation increase over North Africa during the mid-Holocene. We used
three different model configurations of the dust cycle to evaluate the influence from resolved particle size
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distribution and optical properties to characterize uncertainty and compare with other studies. With more
absorbing dust optical properties (Deepak & Gerber, 1983) and a size range limited to 1 𝜇m, the simulated
precipitation amplification closely replicates results from the GCM EC-Earth (Pausata et al., 2016), as shown
in Figure 3, showing up to 50% amplification of the precipitation signal over North Africa. This demonstrates
that dust cycle properties are crucial for understanding the real system. However, including a larger particle
size range (<33 𝜇m) reverses the sign of the precipitation feedback, so that dust reduces the precipitation
during the mid-Holocene.

With the default HadGEM2-ES dust properties (Bellouin et al., 2011), the dust-precipitation feedback is
limited north of 10◦N. This is because this simulation shows weaker SW forcing at the surface but also much
larger compensatory LW forcing, which is more important close to source regions like the Sahara (e.g., Kok
et al., 2017). This latter simulation is in best agreement with observations of Saharan dust both in terms of
the absorption properties (Balkanski et al., 2007; Haywood et al., 2003; Kim et al., 2011; McConnell et al.,
2010) and the size distribution over land (Ryder et al., 2013), so we conclude that dust did not significantly
enhance precipitation in North Africa during the mid-Holocene.

Instead, other mechanisms or uncertainties within the climate system of North Africa are required to explain
the full magnitude of precipitation increase at this time. Given that our simulations already include a fully
vegetated land surface, we suggest that the atmospheric response is too weak. Synoptic systems in this region
are poorly resolved in global GCMs (e.g., Vellinga et al., 2016; Vogel et al., 2018), so atmospheric convection
is an obvious choice for further research. Future work on the dust cycle should use common sets of dust
optical properties in different GCMs as well as incorporating dust-cloud interactions to further understand
intermodel differences in dust-climate interactions and to better understand the full role that mineral dust
plays in the climate system. However, the influence of surface albedo change is also important, and this is
crudely estimated in many studies to date.
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