Chapter 6

The climate of the
mid-Holocene
6.1

Introduction

The climate of the mid-Holocene (6,000 years BP) has frequently been used to evaluate the ability of climate models to simulate climatic change. This epoch represents
the relatively recent past, and extensive and high-quality reconstructions of the
mid-Holocene climate are therefore available against which to evaluate the perfomance of the models (e.g. Yu and Harrison, 1996; Cheddadi et al., 1997; Hoelzmann
et al., 1998; Jolly et al., 1998a,b; Prentice and Webb, 1998; Kohfeld and Harrison,
2000; Prentice et al., 2000). The external forcing, which is mainly due to insolation
changes arising from changes in the Earth’s orbital parameters, is also well-known,
and can be precisely defined (e.g. Joussaume et al., 1999).
During the mid-Holocene, the Earth’s axial tilt was only slightly greater than it
is today (24.105◦ at 6,000 years BP, as opposed to the present-day value of 23.446◦ ).
The annual-mean insolation was therefore similar (Figure 6.1a), with a reduction
of ∼1 Wm−2 in the tropics, and an increase of ∼4.5 Wm−2 at the poles. However,
as a result of the precession of the equinoxes, there were significant differences in
the seasonal cycle (Figure 6.1b). Insolation was considerably greater than today
during the Northern Hemisphere summer and Southern Hemisphere spring, and
considerably reduced during the Southern Hemisphere summer.
The differences between the climate of the mid-Holocene, and that of the present
day, are therefore predominantly seasonal in nature, rather than being expressed in
the annual-mean climate. Over Europe, for example, summers were warmer in the
northwest, while winters were warmer in the northeast and colder in the southwest
(Cheddadi et al., 1997). The most significant feature of the mid-Holocene climate,
however, was the strengthening and northward migration of the Northern Hemisphere monsoons, particularly over Africa. Geomorphological and biostratigraphic
data indicates that northern Africa was considerably wetter than it is today, while
biome reconstructions generated from pollen and plant macrofossils indicate that it
was extensively vegetated (Jolly et al., 1998a,b; Joussaume et al., 1999).
Many studies have used climate models to simulate the climate of the midHolocene, often motivated by a desire to evaluate the performance of the mod201
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Figure 6.1: The insolation (Wm−2 ) at 6,000 years BP, expressed as an anomaly
relative to the present day: (a) the annual mean, and (b) daily values.
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els. Early studies used stand-alone atmospheric general circulation models, forced
by present-day sea surface temperatures (e.g. Kutzbach and Street-Perrott, 1985;
Kutzbach and Guetter , 1986; Prell and Kutzbach, 1987; COHMAP members, 1988;
de Noblet et al., 1996; Dong et al., 1996; Hewitt and Mitchell, 1996; Kutzbach et al.,
1996; Lorenz et al., 1996; Coe and Bonan, 1997; Hall and Valdes, 1997; Masson
and Joussaume, 1997; Broström et al., 1998; Masson et al., 1998; Texier et al.,
2000; Vettoretti et al., 2000). Phase I of the Paleoclimate Modelling Intercomparison Project, which sought to systematically compare the performance of different
models, adopted this approach (e.g. Harrison et al., 1998; Joussaume et al., 1999;
Masson et al., 1999; Braconnot et al., 2000a; Bonfils et al., 2004; Hoar et al., 2004).
PMIP1 revealed that stand-alone atmosphere models are successful at capturing
both the intensification and the northward migration of the African monsoon; however, it also revealed that they are unable to capture the magnitude of the northward
shift (Joussaume et al., 1999; Braconnot et al., 2000a).
Other studies have employed atmospheric general circulation models coupled
to a mixed-layer ocean (e.g. Foley et al., 1994; Liao et al., 1994; TEMPO , 1996;
Kutzbach et al., 1998; Vettoretti et al., 1998), and coupled atmosphere-ocean general circulation models (e.g. Hewitt and Mitchell, 1998; Bush, 1999; Otto-Bliesner ,
1999; Braconnot et al., 2000b; Liu et al., 2000; Voss and Mikolajewicz , 2001; Kitoh
and Murakami, 2002; Liu et al., 2003a,b; Mikolajewicz et al., 2003; Otto-Bliesner
et al., 2006). The latter approach has been adopted by Phase II of the Paleoclimate
Modelling Intercomparison Project (Harrison et al., 2002; Crucifix et al., 2005; Paleoclimate Modelling Intercomparison Project, 2005). While the inclusion of oceanic
feedbacks leads to an improved simulation of the mid-Holocene climate, the precipitation over northern Africa remains deficient (e.g. Hewitt and Mitchell, 1998;
Braconnot et al., 2000b; Otto-Bliesner et al., 2006).
The failure to adequately capture the changes in the African monsoon can be
attributed, at least in part, to the static nature of the vegetation within these simulations. The vegetation is therefore unable to respond to the changed atmospheric
conditions, and vegetation feedbacks are neglected. The importance of these feedbacks becomes apparent, however, when atmospheric general circulation models are
forced with land surface conditions based on biome reconstructions (e.g. Kutzbach
et al., 1996; Broström et al., 1998; Texier et al., 2000). The vegetation changes are
found to enhance the effects of the orbital forcing, leading to a greater northward
shift of the African monsoon.
In order to fully represent the effects of vegetation feedbacks, many studies have
therefore sought to employ dynamic vegetation models. These have been coupled
to atmospheric general circulation models (e.g. Claussen and Gayler , 1997; Texier
et al., 1997; de Noblet-Ducoudré et al., 2000), atmosphere-slab ocean models (e.g.
Pollard et al., 1998; Doherty et al., 2000) and atmosphere-ocean general circulation
models (e.g. Braconnot et al., 1999; Levis et al., 2004). These studies confirm the
role of both oceanic and vegetation feedbacks in giving rise to the wetter conditions
that prevailed over northern Africa during the mid-Holocene.
While the coupled atmosphere-ocean-vegetation models are the most successful
at simulating the intensification and northward migration of the African monsoon,
even these fail to adequately simulate the increase in precipitation over northern
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Africa. This is attributed to deficiencies in the model physics (Braconnot et al.,
1999), and a failure to adequately represent the effects of soil feedbacks (Levis et al.,
2004). Thus the mid-Holocene African monsoon remains a daunting test of the
ability of models to simulate climatic change.
In addition to changes in the mean state of the climate, changes in the nature
of climate variability during the mid-Holocene have also received some attention.
Proxy records indicate a strengthening of interannual variability in the tropical
Pacific Ocean during the Holocene. For example, analysis of corals from Papua
New Guinea reveals that ENSO activity at ∼6,500 years BP was much weaker than
at present (Tudhope et al., 2001). A 15,000-year sedimentation record from an alpine
lake in Ecuador indicates a lack of variability on El Niño timescales prior to 7,000
years BP, with ENSO-type variability beginning at ∼7,000 years BP and reaching its
modern strength at ∼5,000 years BP (Rodbell et al., 1999). A further analysis of a
12,000-year sedimentation record from the same lake confirms the initiation of ENSO
at ∼7,000 years BP, with strong variability on millennial timescales thereafter (Moy
et al., 2002). Pollen evidence from northern Australia also indicates a strengthening
of ENSO during the Holocene, with the onset of an ENSO-dominated climate at
∼4,000 years BP (Shulmeister and Lees, 1998).
Using a simple coupled ocean-atmosphere model, Clement et al. (2000) find a
steady increase in both the frequency and magnitude of El Niño events during the
Holocene. They hypothesise that the behaviour of ENSO is determined by the seasonal cycle of insolation in the tropics, and particularly by the amount of insolation
during the northern summer. According to their hypothesis, the enhanced summer
heating during the mid-Holocene, combined with the zonally-asymmetric response
of the atmosphere, resulted in enhanced convection over the western Pacific Ocean.
The easterly trade winds were therefore stronger than at present, increasing the
zonal gradient in the sea surface temperature, and hence suppressing the development of El Niño events.
Only a few studies have used coupled atmosphere-ocean general circulation models to investigate the nature of the El Niño-Southern Oscillation during the midHolocene. Otto-Bliesner (1999) finds that the simulated ENSO at 6,000 years BP
is similar in both magnitude and frequency to that of the present day. Both Liu
et al. (2000) and Otto-Bliesner et al. (2006), however, find a ∼20% reduction in the
strength of the simulated ENSO. Consistent with the hypothesis of Clement et al.
(2000), Liu et al. (2000) also find enhanced atmospheric convection over the western Pacific Ocean during the northern summer, resulting in a strengthening of the
trade winds and an increase in the zonal temperature gradient. None of the models,
however, simulate a reduction in the strength of ENSO as large as that indicated by
the proxy records (e.g. Rodbell et al., 1999; Tudhope et al., 2001); Liu et al. (2000)
suggest that this is a result of deficiencies in the model physics, noting the inability
of their model to correctly simulate the characteristics of the present-day ENSO.
The ability of the Mk3L coupled model to simulate the climate of the midHolocene is evaluated in this chapter, and the impact of the ocean model spin-up
procedure upon the response of the model is assessed. Three simulations of the
mid-Holocene climate are presented; these are designated 6ka-DEF, 6ka-SHF and
6ka-EFF. They are initialised from the states of the control runs CON-DEF, CON-
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SHF and CON-EFF, respectively, at the end of year 100, and are each integrated to
year 900. The mid-Holocene simulations differ from the equivalent control runs only
in that the Earth’s orbital parameters for the epoch 6,000 years BP are employed,
and that the atmospheric carbon dioxide concentration is reduced from 280 ppm to
277 ppm. The experimental design follows that of PMIP2 (Paleoclimate Modelling
Intercomparison Project, 2005), and is outlined in detail in Appendix A.
Section 6.2 considers the changes in the mean climate, as simulated by run 6kaDEF, while the changes in the nature of the internal variability are analysed in
Section 6.3. Runs 6ka-SHF and 6ka-EFF are assessed in Section 6.4.

6.2

Mean climate

Figure 6.2 shows the average surface air temperature (SAT) for years 201–900 of run
6ka-DEF, expressed as an anomaly relative to the control run. It should be noted
that the first 100 years of each mid-Holocene simulation are excluded from analysis,
in order to allow the model to respond to the changes in external forcing.
The seasonal nature of the differences in the mid-Holocene climate is apparent.
Consistent with the changes in the annual-mean insolation, the differences in the
annual-mean SAT (Figure 6.2a) are small, with only a slight cooling at low latitudes,
and a slight warming at high latitudes. However, there is strong warming over
the Northern Hemisphere landmasses in August (Figure 6.2c), and cooling at low
latitudes, and throughout the Southern Hemisphere, in February (Figure 6.2d).
The differences in the zonal-mean SAT for each month of the year are shown
in Figure 6.2b; a clear correlation between the SAT differences and the insolation
differences is apparent, albeit with a time lag of approximately one month. This
reflects the fact that surface temperatures represent a time-integrated response to
the surface heat flux, and not an instantaneous response. The zonal-mean SAT
changes are very similar to those simulated by Hewitt and Mitchell (1998), who use
a low-resolution coupled model similar in nature to Mk3L.
To enable the simulated temperature changes to be compared with data syntheses, and with the models that participated in PMIP1, two bioclimatic variables are
derived. These are the mean SAT for the coldest month of the year, and the GDD5.
The GDD5, or growing-degree days above 5◦ C, is a measure of both the temperature
and duration of the growing season. If T (j) is the mean SAT, in degrees Celsius,
for day j, then the GDD5 is given by (Masson et al., 1999):
GDD5 =

365
X

j=1

(

T (j) − 5
0

T (j) ≥ 5
otherwise

(6.1)

Values of T (j) are estimated by linearly interpolating between the mean SAT
for each month.
Reconstructions of these two bioclimatic variables from pollen data (Cheddadi
et al., 1997) indicate that, during the mid-Holocene, the temperature of the coldest
month was higher than at present over northeastern Europe and Scandinavia, and
lower over southwestern Europe. They also indicate that the GDD5 was higher than
at present over northwestern Europe and the Alps, but lower across the southern
half of Europe.
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Figure 6.2: The average surface air temperature (◦ C) for years 201–900 of run 6kaDEF, expressed as an anomaly relative to the average surface air temperature for
years 201–900 of control run CON-DEF: (a) the annual mean, (b) the zonal mean,
(c) February, and (d) August.
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Figure 6.3: Bioclimatic variables for years 201–900 of run 6ka-DEF, expressed as
anomalies relative to those for years 201–900 of control run CON-DEF: (a) the mean
surface air temperature for the coldest month of the year (◦ C), and (b) the GDD5
(◦ C.days).
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Figure 6.3 shows the simulated changes in each of the two variables. Mk3L is
successful at capturing the higher winter temperatures over Scandinavia; however,
it fails to simulate any other large-scale temperature changes over land, capturing
neither the warming over northeastern Europe, nor the cooling over southwestern
Europe. The model is also successful at capturing the increase in the GDD5 over
northwestern Europe and the Alps, but fails to simulate the decrease over southern
Europe.
While the performance of Mk3L is disappointing, the models that participated
in PMIP1 were also unsuccessful at simulating the changes in these bioclimatic
variables. Of 16 models assessed by Masson et al. (1999), only three simulated
a significant warming over northeastern Europe in winter, and none simulated a
significant cooling over southwestern Europe. Similarly, while most of the models
simulated a general increase in the GDD5 over northern Europe, none of them
simulated a decrease over the southern part.
Masson et al. (1999) are unable to account for these discrepancies, although
they note that the PMIP1 simulations do not allow for the effects of either oceanic
or vegetation feedbacks. The Mk3L coupled model includes a dynamic ocean, and
yet is also unable to reproduce the reconstructed temperature changes over Europe.
This failure therefore appears to arise, at least in part, from the fact that it does
not allow for the effects of vegetation feedbacks.
Figures 6.4a and 6.4b show the annual-mean precipitation for years 201–900 of
runs CON-DEF and 6ka-DEF, respectively, while Figure 6.4c shows the difference
between the two runs. Despite the seasonal nature of the differences in the midHolocene climate, the intensification and northward migration of the African-Asian
monsoon is reflected in the annual-mean precipitation, with increased precipitation
over northern Africa and southeast Asia.
The changes in the African monsoon are apparent from Figure 6.4d, which shows
the change in the zonal-mean precipitation over North Africa. Also shown are the
minimum and maximum estimates of the increase in precipitation, relative to the
present day, that would be required in order to support grassland at each latitude (Joussaume et al., 1999). Biome reconstructions indicate that grasslands were
present at least as far north as 23◦ N during the mid-Holocene (Jolly et al., 1998b;
Joussaume et al., 1999); the simulated precipitation anomaly should therefore exceed these estimated amounts at latitudes less than 23◦ N.
While an intensification and northward migration of the African monsoon is
apparent, with a decrease of 50 mm in the annual precipitation at ∼5◦ N, and an
increase of 115 mm at ∼14◦ N, the simulated precipitation is deficient at latitudes
greater than ∼17◦ N. The magnitude of the precipitation anomalies is consistent
with the models that participated in PMIP1 (e.g. Joussaume et al., 1999), as is the
failure to simulate sufficient precipitation over northern Africa. As numerous studies
have shown that dynamic vegetation is required in order for models to be able to
simulate the changes in the African monsoon (see the discussion in Section 6.1), this
failure can be attributed, at least in part, to the fact that Mk3L does not allow for
the effects of vegetation feedbacks.
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Figure 6.4: The annual precipitation (mm) for years 201–900 of runs CON-DEF and
6ka-DEF: (a) run CON-DEF, (b) run 6ka-DEF, (c) run 6ka-DEF minus run CONDEF, and (d) the zonal-mean difference over North Africa (20◦ W–30◦ E). In (d),
minimum and maximum estimates of the precipitation increase required to support
grassland at each latitude are also shown (Joussaume et al., 1999).
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Summary

The Mk3L coupled model is capable of simulating the global-scale differences between the climate of the mid-Holocene and that of the present day, with warmer
summers at northern mid-latitudes, and slight cooling in the tropics. However, it is
less successful when assessed at a regional scale, being unable to capture the cooling
over southern Europe, or the increased precipitation over northern Africa. These
failures appear to be due, at least in part, to the static nature of the vegetation
within Mk3L.

6.3
6.3.1

Climate variability
Interannual variability

Figure 6.5 shows the standard deviations in the annual-mean surface air temperature
(SAT), sea surface temperature (SST) and sea surface salinity (SSS), for years 201–
900 of run 6ka-DEF; comparison with Figure 5.20 indicates that the interannual
variability is very similar, in both magnitude and spatial structure, to that exhibited
by the control run CON-DEF.
However, on a regional scale, there are some significant differences in the magnitude of the interannual variability; these become apparent when the standard
deviations for run 6ka-DEF are plotted as a fraction of those for run CON-DEF
(Figure 6.6). At low latitudes, there is increased temperature variability over the
western tropical Pacific Ocean, the tropical Indian Ocean and central Africa. There
is also a decrease in variability over the central Pacific, particularly in the case of
the sea surface salinity; this can be attributed to the decrease in precipitation in
this region (Figure 6.4).
At high latitudes, the increased surface air temperatures (Figure 6.2), and the
associated reduction in sea ice cover (not shown), result in some changes in the
temperature variability. The removal of the ice cover, with its insulating effects,
leads to decreased variability in the SAT, as atmospheric temperatures are now
moderated by the temperature of the underlying ocean. There is an associated
increase in variability in the SST, however, as the ocean is now exposed to much
greater surface heat fluxes. Such changes in surface temperature variability are
particularly apparent off the coast of East Antarctica, and in the vicinity of Hudson
Bay.
The leading principal components of the annual-mean SAT, SST and SSS are
shown in Figure 6.7. Comparison with Figure 5.21 reveals that these are similar
in magnitude and spatial structure to the leading principal components derived
from run CON-DEF; the leading modes of variability in the annual-mean SAT and
SST therefore correspond to the simulated El Niño-Southern Oscillation, while the
leading mode of variability in the annual-mean SSS represents variability in the
strength and position of the monsoons.
As a result of the increased variability in the western Pacific, however, and the
decreased variability in the central Pacific, the principal components are shifted
slightly to the west. In the case of the sea surface temperature, for example, the
leading principal component has its maximum value at 163◦ W in the case of run
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Figure 6.5: Standard deviations in annual-mean surface fields for years 201–900
of coupled model run 6ka-DEF: (a) surface air temperature (◦ C), (b) sea surface
temperature (◦ C), and (c) sea surface salinity (psu). The data has been high-pass
filtered to remove variability on timescales longer than 100 years.
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Figure 6.6: Standard deviations in annual-mean surface fields for years 201–900 of
coupled model run 6ka-DEF, expressed as a ratio relative to the standard deviations
for years 201-900 of run CON-DEF: (a) surface air temperature, (b) sea surface
temperature, and (c) sea surface salinity. The data has been high-pass filtered to
remove variability on timescales longer than 100 years.
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Figure 6.7: The leading principal components of annual-mean surface fields for years
201–900 of coupled model run 6ka-DEF: (a) surface air temperature (◦ C), (b) sea
surface temperature (◦ C), and (c) sea surface salinity (psu). The data has been highpass filtered prior to calculating the principal components to remove variability on
timescales longer than 100 years.
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Standard deviation of Niño
3.4 SST anomaly (◦ C)
Average return period of El
Niño events (years)
Average duration of El Niño
events (months)
Average magnitude of El
Niño events (◦ C)

CON-DEF
0.49

6ka-DEF
0.43

7.6±0.6

8.6±0.9

17.2±1.0

16.3±1.1

0.87±0.03

0.76±0.03

Table 6.1: Some El Niño statistics for years 201–900 of coupled model runs CONDEF and 6ka-DEF: the standard deviation of the five-month running mean of the
Niño 3.4 sea surface temperature (SST) anomaly; the average return period of El
Niño events; the average duration of El Niño events; and the average magnitude of
El Niño events.

CON-DEF, but at 180◦ E in the case of run 6ka-DEF. This shift causes the principal component to more closely resemble the observed present-day interdecadal
variability in the Pacific Ocean (Zhang et al., 1997; Lohmann and Latif , 2005).

6.3.2

El Niño-Southern Oscillation

Table 6.1 shows some El Niño statistics for runs CON-DEF and 6ka-DEF. The El
Niño-Southern Oscillation is weaker in run 6ka-DEF, with a ∼13% decrease in the
standard deviation of the Niño 3.4 sea surface temperature anomaly. There is also
a decrease in the magnitude of El Niño events, and an increase in the return period,
although the latter is not statistically significant. The simulated reduction in the
strength of ENSO is smaller in magnitude than that implied by the palaeoclimate
record (e.g. Rodbell et al., 1999; Tudhope et al., 2001); however, it is consistent
with other modelling studies, which simulate decreases in the strength of ENSO
that range from zero (Otto-Bliesner , 1999) to ∼20% (Liu et al., 2000; Otto-Bliesner
et al., 2006).
Figure 6.8 shows the simulated changes in the zonal wind stress and sea surface
temperature over the equatorial Pacific Ocean. Consistent with the hypothesis of
Clement et al. (2000), the increased insolation during the northern summer leads to
an increase in the strength of the easterly trade winds during the northern summer
and autumn (Figure 6.8a). This gives rise to an increase in the zonal temperature
gradient (Figure 6.8d), and acts to suppress the development of El Niño events. The
magnitudes of the zonal wind stress and SST changes are similar to those simulated
by Liu et al. (2000).
The power spectra of the simulated Niño 3.4 SST anomalies for runs CON-DEF
and 6ka-DEF are shown in Figure 6.9. Note that a Hann window of width 25, equivalent to ∼0.036 years−1 in frequency units, has been applied to the spectra, reducing
the standard deviation in each value to ∼ ±28% (Section 5.3.2). Consistent with
the reduced variability in the Niño 3.4 region, run 6ka-DEF exhibits less power at
almost all frequencies. There is an increase in variability on interdecadal timescales,
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Figure 6.8: The equatorial zonal wind stress (Nm−2 ) and sea surface temperature
(SST, ◦ C) for years 201–900 of coupled model run 6ka-DEF, expressed as anomalies relative to years 201–900 of control run CON-DEF: (a) monthly-mean zonal
wind stress, (b) monthly-mean sea surface temperature, (c) annual-mean zonal wind
stress, and (d) annual-mean sea surface temperature. The values shown are averages
over the region 5◦ S–5◦ N.
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Figure 6.9: The power spectra of the Niño 3.4 sea surface temperature anomaly, for
years 201–900 of coupled model runs CON-DEF (solid line) and 6ka-DEF (dashed
line) respectively. Each spectrum has been smoothed through the application of a
Hann window of width 25.

however, with the power spectrum exhibiting maximum power at ∼0.023 years−1
(∼44 years).

6.3.3

Summary

The simulated climate variability during the mid-Holocene exhibits a similar magnitude and spatial structure to that simulated for the present day. There are regional
differences, however, with increased variability in the western Pacific, and decreased
variability in the central Pacific. This westward shift leads to reduced variability within the Niño 3.4 region, and hence a reduction in the strength of the El
Niño-Southern Oscillation. There is, however, an increase in ENSO variability on
interdecadal timescales.
The simulated reduction in the strength of ENSO is smaller in magnitude than
that implied by the palaeoclimate record. It should be noted, however, that the simulated present-day ENSO is too weak relative to observations, and does not exhibit
the correct frequency characteristics (Section 5.3.2). This indicates deficiencies in
the model physics, which may therefore account for the deficiencies in the model
response.
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The impact of the spin-up procedure
Mean climate

Figure 6.10 shows the zonal-mean SAT response of runs 6ka-SHF and 6ka-EFF;
the statistically-significant differences between the response of each run, and that
of run 6ka-DEF, are also shown. Both runs simulate a very similar pattern of
warming and cooling to run 6ka-DEF. The temperature changes exhibited by run
6ka-SHF are particularly similar; apart from some warm anomalies at ∼45◦ N, the
only statistically-significant differences in the response are small in magnitude. The
response of run 6ka-EFF, while showing the same warm anomalies at ∼45◦ N, is
cooler throughout the Southern Hemisphere, with particularly large differences in
the response over the Southern Ocean in winter.
The simulated changes in the August SAT for runs 6ka-SHF and 6ka-EFF are
shown in Figure 6.11, along with the statistically-significant differences between
the response of each run, and that of run 6ka-DEF. Again, both runs exhibit a very
similar response to run 6ka-DEF, with warming over the Northern Hemisphere landmasses, and localised cooling in the tropics. However, run 6ka-EFF also simulates
cooling over the Southern Ocean, which run 6ka-SHF does not.
Relative to run 6ka-DEF, there are large differences in the temperature changes
over the Caspian Sea. These differences account for the anomalies at ∼45◦ N in the
zonal-mean SAT response, and can be attributed to the cooling trend exhibited by
the control runs over the Caspian Sea (Section 5.4). Otherwise, the response of run
6ka-SHF is very similar to that of run 6ka-DEF, while the cooler response of run
6ka-EFF across the Southern Ocean is apparent.
Figures 6.12 and 6.13 show the simulated anomalies in the mean SAT for the coldest month of the year, and in the GDD5, respectively. The statistically-significant
differences between the response of each run, and that of run 6ka-DEF, are also
shown. Large differences are apparent in the response over the Caspian Sea, and
can be attributed to the cooling trend within the control runs; otherwise, the responses of the runs are similar to that of run 6ka-DEF. Both runs capture the higher
winter temperatures over Scandinavia, but fail to simulate either the warming over
northeastern Europe, or the cooling over southwestern Europe. Likewise, runs 6kaSHF and 6ka-EFF both capture the increase in the GDD5 over northwestern Europe
and the Alps, but fail to simulate the decrease over the southern half of Europe.
The annual precipitation anomalies for runs 6ka-SHF and 6ka-EFF, as well as
any statistically-significant differences between the response of each run and that
of run 6ka-DEF, are shown in Figure 6.14. The precipitation changes simulated
by both runs are very similar to those simulated by run 6ka-DEF, with no largescale discrepancies in the response. The robustness of the simulated precipitation
changes are further indicated by Figure 6.15, which shows the changes in the annual
precipitation over North Africa, relative to the control runs, for each of runs 6kaDEF, 6ka-SHF and 6ka-EFF. The simulated decreases in precipitation at ∼5◦ N are
very similar, as are the increases at ∼14◦ N.
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Figure 6.10: The zonal-mean surface air temperature (◦ C) for years 201–900 of runs
6ka-SHF and 6ka-EFF, expressed as anomalies relative to the control runs: (a),
(b) the temperature anomalies, runs 6ka-SHF and 6ka-EFF respectively, and (c),
(d) the response of each run, relative to that of run 6ka-DEF, runs 6ka-SHF and
6ka-EFF respectively. In (c) and (d), only those values which are significant at the
99% confidence level are shown.
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Figure 6.11: The August surface air temperature (◦ C) for years 201–900 of runs
6ka-SHF and 6ka-EFF, expressed as anomalies relative to the control runs: (a),
(b) the temperature anomalies, runs 6ka-SHF and 6ka-EFF respectively, and (c),
(d) the response of each run, relative to that of run 6ka-DEF, runs 6ka-SHF and
6ka-EFF respectively. In (c) and (d), only those values which are significant at the
99% confidence level are shown.
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Figure 6.12: The mean surface air temperature of the coldest month of the year (◦ C)
for years 201–900 of runs 6ka-SHF and 6ka-EFF, expressed as anomalies relative to
the control runs: (a), (b) the temperature anomalies, runs 6ka-SHF and 6ka-EFF
respectively, and (c), (d) the response of each run, relative to that of run 6ka-DEF,
runs 6ka-SHF and 6ka-EFF respectively. In (c) and (d), only those values which are
significant at the 99% confidence level are shown.
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Figure 6.13: The GDD5 (◦ C.days) for years 201–900 of runs 6ka-SHF and 6ka-EFF,
expressed as anomalies relative to the control runs: (a), (b) the anomalies, runs
6ka-SHF and 6ka-EFF respectively, and (c), (d) the response of each run, relative
to that of run 6ka-DEF, runs 6ka-SHF and 6ka-EFF respectively. In (c) and (d),
only those values which are significant at the 99% confidence level are shown.
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Figure 6.14: The annual precipitation (mm) for years 201–900 of runs 6ka-SHF
and 6ka-EFF, expressed as anomalies relative to the control runs: (a), (b) the
precipitation anomalies, runs 6ka-SHF and 6ka-EFF respectively, and (c), (d) the
response of the runs, relative to the response of run 6ka-DEF, runs 6ka-SHF and
6ka-EFF respectively. In (c) and (d), only those values which are significant at the
99% confidence level are shown.
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Figure 6.15: The zonal-mean annual precipitation (mm) over North Africa for years
201–900 of runs 6ka-DEF, 6ka-SHF and 6ka-EFF, expressed as anomalies relative
to the control runs. Minimum and maximum estimates of the precipitation increase
required to support grassland at each latitude are also shown (Joussaume et al.,
1999).

6.4.2

Climate variability

Interannual variability
Figure 6.16 shows the standard deviations in the annual-mean surface air temperature (SAT) and sea surface temperature (SST) for years 201–900 of runs 6ka-SHF
and 6ka-EFF, expressed as a fraction of those for the control runs. As in the case
of run 6ka-DEF, regional differences in the magnitude of the interannual variability
are apparent. At low latitudes, the increases in temperature variability over the
western tropical Pacific Ocean, the tropical Indian Ocean, and sub-Saharan Africa
are again apparent, although the increase in variability over the Indian Ocean is
only slight in the case of run 6ka-SHF.
One noticeable difference in behaviour is that run 6ka-EFF exhibits increases in
SAT variability across much of the Southern Ocean, whereas run 6ka-DEF experiences localised decreases. This can be attributed to the differential response of the
model; run 6ka-EFF does not experience any warming over the Southern Ocean,
and hence does not experience any decrease in sea ice cover (not shown). It is the
removal of the ice cover, with its insulating effects, that gives rise to the reduced
SAT variability in run 6ka-DEF.
Figure 6.17 shows the leading principal components of the annual-mean SAT and
SST for runs 6ka-SHF and 6ka-EFF. As in the case of run 6ka-DEF, they are similar
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Figure 6.16: Standard deviations in annual-mean surface fields for years 201–900
of coupled model runs 6ka-SHF and 6ka-EFF, expressed relative to the standard
deviations for years 201–900 of the control runs: (a), (b) surface air temperature,
runs 6ka-SHF and 6ka-EFF respectively, and (c), (d) sea surface temperature, runs
6ka-SHF and 6ka-EFF respectively. The data has been high-pass filtered to remove
variability on timescales longer than 100 years.
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Standard deviation of
Niño 3.4 SST anom. (◦ C)
Average return period of
El Niño events (years)
Average duration of El
Niño events (months)
Average magnitude of El
Niño events (◦ C)

CONSHF
0.50

CONEFF
0.51

6kaSHF
0.43

6kaEFF
0.45

7.9±0.7

7.2±0.5

7.8±0.7

8.9±0.9

18.0±1.2

17.5±1.0

16.1±1.2

19.0±1.2

0.92±0.03

0.92±0.03

0.75±0.02

0.83±0.02

Table 6.2: Some El Niño statistics for years 201–900 of coupled model runs CONSHF, CON-EFF, 6ka-SHF and 6ka-EFF: the standard deviation of the five-month
running mean of the Niño 3.4 sea surface temperature (SST) anomaly; the average
return period of El Niño events; the average duration of El Niño events; and the
average magnitude of El Niño events.

in structure and magnitude to those derived from the control runs (Figure 5.34), but
with the same westward shift in the tropical Pacific Ocean. The leading principal
components of the sea surface temperature, for example, have their maximum values
located at 180◦ E in runs 6ka-SHF and 6ka-EFF, whereas they are located at 163◦ E
in the control runs.
El Niño-Southern Oscillation
Table 6.2 shows some El Niño statistics for runs CON-SHF, CON-EFF, 6ka-SHF
and 6ka-EFF. As in the case of run 6ka-DEF, the El Niño-Southern Oscillation
is weaker in both mid-Holocene simulations. The standard deviation of the Niño
3.4 sea surface temperature anomaly decreases by ∼15% and ∼12% in the case of
runs 6ka-SHF and 6ka-EFF respectively; these decreases are similar to the ∼13%
decrease simulated by run 6ka-DEF.
The simulated changes in the zonal wind stress and sea surface temperature over
the equatorial Pacific Ocean are shown in Figure 6.18. Both runs exhibit a similar
response to run 6ka-DEF, with enhanced trade winds over the western Pacific during
the northern summer and autumn. These result in lower sea surface temperatues in
the central and eastern Pacific, enhancing the zonal temperature gradient. Run 6kaEFF exhibits a stronger SST response than run 6ka-DEF, with a greater decrease
in sea surface temperatures over the central and eastern Pacific.
Figure 6.19 shows the power spectra of the simulated Niño 3.4 sea surface temperature anomalies for runs 6ka-SHF and 6ka-EFF, comparing them with run 6kaDEF, and with the corresponding control runs. Note that a Hann window of width
25, equivalent to ∼0.036 years−1 in frequency units, has been applied to the spectra,
reducing the standard deviation in each value to ∼ ±28% (Section 5.3.2).
Run 6ka-SHF exhibits similar behaviour to run 6ka-DEF, with a decrease in
power at almost all frequencies; this is particularly apparent at frequencies of ∼0.14–
0.2 years−1 , corresponding to periods of ∼5–7 years. The sharp decline in power at
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Figure 6.17: The leading principal components of annual-mean surface fields for
years 201–900 of coupled model runs 6ka-SHF and 6ka-EFF: (a), (b) surface air
temperature (◦ C), runs 6ka-SHF and 6ka-EFF respectively, and (c), (d) sea surface
temperature (◦ C), runs 6ka-SHF and 6ka-EFF respectively. The data has been highpass filtered prior to calculating the principal components to remove variability on
timescales longer than 100 years.
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Figure 6.18: The equatorial zonal wind stress (Nm−2 ) and sea surface temperature
(SST, ◦ C) for years 201–900 of coupled model runs 6ka-SHF and 6ka-EFF, expressed
as anomalies relative to the control runs: (a), (b) monthly-mean zonal wind stress,
runs 6ka-SHF and 6ka-EFF respectively, and (c), (d) monthly-mean sea surface temperature, runs 6ka-SHF and 6ka-EFF respectively. The values shown are averages
over the region 5◦ S–5◦ N.
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Figure 6.19: The power spectra of the Niño 3.4 sea surface temperature anomaly,
for years 201–900 of coupled model runs CON-DEF (solid black line), CON-SHF
(solid red line), CON-EFF (solid green line), 6ka-DEF (dashed black line), 6ka-SHF
(dashed red line) and 6ka-EFF (dashed green line) respectively. Each spectrum has
been smoothed through the application of a Hann window of width 25.
these periods indicates the extent to which El Niño-type variability is diminished.
As with run 6ka-DEF, however, there is also an increase in variability on interdecadal timescales. Maximum power now occurs at a frequency of ∼0.027 years−1 ,
corresponding to a period of ∼37 years.
The shift towards variability on interdecadal timescales is even more pronounced
in the case of run 6ka-EFF. There is a sharp decline in power at frequencies greater
than ∼0.11 years−1 , corresponding to periods shorter than ∼9 years. However,
there is an increase in power on interdecadal timescales, with maxima at ∼0.023
and ∼0.059 years−1 , corresponding to periods of ∼44 and ∼17 years respectively.

6.4.3

Summary

On a global scale, the response of run 6ka-SHF is consistent with that of run 6kaDEF. It does simulate a large temperature increase over the Caspian Sea, however,
as a result of drift within the control run. While there is therefore no evidence that
flux adjustments directly affect the response of the model to insolation changes,
there is evidence that they indirectly affect the response of the model, through their
effect on the rate of drift within the control run.
The changes simulated by run 6ka-EFF are also generally consistent with those
simulated by run 6ka-DEF. There are differences in the temperature response, however; as with run 6ka-SHF, drift within the control run causes it to simulate a large
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temperature increase over the Caspian Sea. Run 6ka-EFF is also cooler over the
Southern Ocean, causing the model to exhibit greater interannual variability in the
surface air temperature. There is evidence, therefore, that the control climate of the
ocean model can influence the regional response of the coupled model to insolation
changes.

230

CHAPTER 6. THE CLIMATE OF THE MID-HOLOCENE

