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Abstract. Pleistocene benthicδ18O records exhibit strong
spectral power at∼41 kyr, indicating that global ice vol-
ume has been modulated by Earth’s axial tilt. This fea-
ture, and weak spectral power in the precessional band, has
been attributed to the influence of obliquity on mean annual
and seasonal insolation gradients at high latitudes. In this
study, we use a coupled ocean-atmosphere general circula-
tion model to quantify changes in continental snowfall asso-
ciated with mean annual and seasonal insolation forcing due
to a change in obliquity. Our model results indicate that in-
solation changes associated with a decrease in obliquity am-
plify continental snowfall in three ways: (1) Local reductions
in air temperature enhance precipitation as snowfall. (2) An
intensification of the winter meridional insolation gradient
strengthens zonal circulation (e.g. the Aleutian low), pro-
moting greater vapor transport from ocean to land and snow
precipitation. (3) An increase in the summer meridional in-
solation gradient enhances summer eddy activity, increasing
vapor transport to high-latitude regions. In our experiments,
a decrease in obliquity leads to an annual snowfall increase
of 25.0 cm; just over one-half of this response (14.1 cm) is
attributed to seasonal changes in insolation. Our results in-
dicate that the role of insolation gradients is important in
amplifying the relatively weak insolation forcing due to a
change in obliquity. Nonetheless, the total snowfall response
to obliquity is similar to that due to a shift in Earth’s preces-
sion, suggesting that obliquity forcing alone can not account
for the spectral characteristics of the ice-volume record.
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1 Introduction

It has long been known that the Quaternary global ice-
volume record, archived in benthicδ18O, varies at orbital
frequencies (Hays et al., 1976; Imbrie, 1980, 1985, 1993).
One of the most puzzling features of this record is the promi-
nence of variability at the obliquity period (Raymo and Ni-
sancioglu, 2003; Lisiecki and Raymo, 2005; Cortijo et al.,
1999; Vimeux et al., 2001). Traditionally, orbital cycles in
global ice volume have been linked to summer insolation at
65◦ N (Milankovitch, 1948; Berger et al., 1993). However,
high-latitude summer insolation is influenced most strongly
by Earth’s precession with a period of∼23 kyr. It is perplex-
ing then that spectral power in benthicδ18O is greater in the
obliquity band than the precessional band.

To explain this paradox, two types of hypotheses have
been proposed, (i) those that are generally consistent with
Milankovitch’s original hypothesis and (ii) those that call
upon internal climate processes to amplify orbital, and
specifically obliquity, forcing. In the first category, Huy-
bers (2006) suggests that obliquity primarily controlled ice-
volume changes through the integrated summer energy,
which is a function of both insolation intensity and duration.
Though precession has a large influence on high-latitude
summer insolation intensity, this influence is counteracted
by a change in the duration of summer due to variations in
Earth’s angular speed (in an elliptical orbit) as it revolves
around the Sun. Raymo et al. (2006) proposes that the change
in benthicδ18O due to the increase in the NH ice volume was
offset by the melting of the West Antarctic Ice Sheet due to
out-of-phase precessional insolation forcing between the two
hemispheres. The strong 41 kyr ice-volume signal was also
attributed to the fact that obliquity has nearly twice the pe-
riod of precession, and therefore twice the time to accumu-
late snow/ice (Ruddiman, 2003). In the second category, it
has been proposed that climate feedbacks, mainly associated
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with meridional heat and vapor transports (Khodri et al.,
2001; Crucifix and Loutre, 2002; Raymo and Nisancioglu,
2003; Loutre et al., 2004; Vettoretti and Peltier, 2004; Kukla
and Gavin, 2004; Risebrobakken et al., 2006) and CO2-ice
volume interaction (Ruddiman, 2006), may have modulated
the insolation forcing, enhancing the ice volume response to
orbital forcing.

The focus on climate feedbacks on orbital forcing arises
from recognition that obliquity and precession affect Earth’s
insolation in different ways. In contrast to precession, obliq-
uity alters the mean-annual equator-to-pole insolation gradi-
ent. A reduction in axial tilt from the Plio-Pleistocene max-
imum (24.5◦) to minimum (22.2◦) reduces annual insolation
by up to∼16 W m−2 (∼8%) at high latitudes and increases
it by ∼3 W m−2 (<0.5%) at the equator (calculated from
Berger and Loutre, 1991). Loutre et al. (2004) show that
mean-annual insolation has significant spectral power at the
obliquity band and hypothesize that paleo-climate records of
sea-surface temperature and global ice volume can be inter-
preted as a response to changes in mean-annual insolation
and insolation gradients.

Obliquity also has a substantial influence on seasonal in-
solation. A reduction in Earth’s obliquity from the Plio-
Pleistocene maximum to minimum reduces solar heating in
summer and fall seasons by up to 48 W m−2 at high lati-
tude and increases it by 7 W m−2 near the equator, enhanc-
ing the equator-to-pole insolation gradient by 55 W m−2. A
number of studies have suggested that an increase in the
seasonal equator-to-pole insolation gradient might have en-
hanced snowfall over ice sheets due to greater latent heat
transport and internal climate processes (e.g. ENSO-like os-
cillation) (Johnson, 1991; Khodri et al., 2001; Vettoretti and
Peltier, 2003, 2004; Kukla and Gavin, 2004). In support of
these ideas, Raymo and Nisancioglu (2003) show that the
summer equator-to-pole insolation gradient is in-phase with
benthicδ18O during the early Pleistocene.

Although insolation gradient changes have been fre-
quently linked to ice volume variability, this mechanism has
not been explicitly tested. The goal of this study is to sys-
tematically quantify the influence of both mean annual and
seasonal insolation changes resulting from Earth’s obliquity
on continental snowfall, and to determine the climate mech-
anisms that respond to these insolation variations. To do this,
we have developed coupled ocean-atmosphere model exper-
iments that represent: (1) mean annual and seasonal insola-
tion changes due to a reduction in Earth’s axial tilt; and (2)
mean-annual-only insolation changes due to a reduction in
Earth’s axial tilt. To be clear, the insolation conditions in (2)
are idealized and provide a useful sensitivity experiment, but
would not have occurred anytime during Earth history. By
comparing results from these two scenarios, we distinguish
the climate responses to mean annual and seasonal forcings.

Our model results indicate that mean seasonal and annual
insolation forcings associated with a decrease in axial tilt
generate comparable changes in annual continental snowfall.

In Sect. 3, we describe the snowfall differences and explain
the physical mechanisms that account for these changes. In
Sect. 4, we compare the snowfall response due to changes
in Earth’s obliquity and precession, and discuss the implica-
tions of these results for global ice-volume variability.

2 Experimental design

This study was completed using the Fast Ocean Atmo-
sphere Model (FOAM) version 1.5, a fully coupled mixed-
resolution ocean and atmosphere general circulation model
(GCM) (Jacob, 1997). The atmospheric model is a paral-
lelized version of the Community Climate Model 2 (CCM2)
with the upgraded radiative and hydrological physics incor-
porated in CCM3.6 (Kiehl et al., 1996). The atmospheric
component of FOAM was run at a spectral resolution of R15
(4.5◦

×7.5◦) with 18 vertical levels. The oceanic component
(OM3) is a z-coordinate ocean model with 128×128 point
Mercator grid (1.4◦×2.8◦), 24 vertical levels, and an explicit
free surface. FOAM was designed for long century-scale in-
tegrations and exhibits minimal ocean drift with no flux cor-
rections (Wu et al., 2003). FOAM’s simulation of modern
climate shows reasonable agreement with present-day obser-
vations and NCAR CSM (Harrison et al., 2003). FOAM has
been widely used to study climate change through geologi-
cal time (e.g. Liu et al., 2000; Poulsen et al., 2001; Lee and
Poulsen, 2006).

A change in Earth’s axial tilt alters the distribution of
insolation, significantly influencing both mean annual and
seasonal meridional insolation gradients. A decrease in
Earth’s obliquity from 24.5 to 22.2◦, for instance, in-
creases the mean-annual equator-to-pole insolation gradient
by ∼20 W m−2, the summer equator-to-pole insolation gra-
dient by∼55 W m−2, and only slightly increases the winter
equator-to-pole insolation gradient. We have designed two
sets of experiments to estimate the climate response to each
of these components. The first experimental set is straight-
forward and includes experiments with high (24.5◦; “hobl”)
and low (22.2◦; “lobl”) axial tilt (Table 1). We have used
Earth’s maximum and minimum obliquities over the last five
million years (Berger and Loutre, 1991). The difference be-
tween “hobl” and “lobl” experiments yields the climate re-
sponse resulting from both mean annual and seasonal insola-
tion changes (Fig. 1a), which we refer to as1TOTAL.

A second set of experiments was designed to estimate
the climate response to just mean-annual insolation forcing
caused by a change in axial tilt. This was accomplished
by adding mean-annual insolation anomalies from the high
and low obliquity experiments to a present-day experiment.
These insolation adjustments increase the annual equator-to-
pole insolation in one experiment (“higrad”) and decrease
it in the second (“lograd”) (Table 1), but seasonal insola-
tion and insolation gradients are nearly identical between
experiments and unchanged from the present day. In the
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“higrad” case, the high-latitude insolation anomaly is neg-
ative. Adding this negative insolation anomaly during polar
night would cause the incoming insolation to become neg-
ative, which is unreasonable and not allowed by the model.
To avoid this problem, the minimum insolation was set to
0 W m−2 during polar night. This correction affects slightly
the winter season (polar night) insolation and equator-to-pole
gradient at 70–90◦ (as seen in Fig. 1b), but does not have
an appreciable influence on the snowfall response (which is
mainly centered at 60–65◦). The difference between “hi-
grad” and “lograd” experiments yields the climate response
to obliquity’s mean-annual forcing, which we refer to as
1MA.

It is important to note that mean-annual insolation in the
“higrad” and “lograd” experiments are identical to those in
the “hobl” and “lobl” experiments, respectively, and that
only seasonal insolation differs between these experiments
(Fig. 1). As a result, the mean-annual insolation difference
in 1TOTAL and1MA are also the same. Thus, to estimate
the climate response to seasonal insolation only (1SEA), we
difference our two sets of experiments. In summary:

1TOTAL = “lobl” − “hobl” ;

represents total insolation difference due to a reduction in
axial tilt

1MA = “higrad” − “lograd”;

represents the mean-annual insolation difference due to a re-
duction in axial tilt

1SEA = 1TOTAL − 1MA ;

represents the seasonal insolation difference due to a reduc-
tion in axial tilt.

Because our ultimate objective is to explain variability in
the ice-volume record, in the presentation of the results, we
compare the climate response between1TOTAL and1MA.

Other than insolation changes related to obliquity, all
model boundary conditions were set to modern values in-
cluding trace gas concentrations, solar luminosity, eccen-
tricity and precession, vegetation, and geography. The ex-
periments were each integrated for 200 years, bringing the
surface ocean into quasi-equilibrium. We tested the quasi-
equilibrium state by comparing decadal-averaged global and
high-latitude (50◦ N–90◦ N) sea surface temperatures. The
sea-surface temperatures respond to the imposed orbital forc-
ing in the initial 40–110 years. After model year 120, global
and high-latitude sea-surface temperature trends are very
small, 0.02 and 0.05◦C/decade, respectively. Though the sur-
face is in near equilibrium, the deep ocean is still equilibrat-
ing. However, because we focus our analysis on surface and
tropospheric condition, the deep ocean condition should have
little effect on surface temperature and continental snowfall.
The model results presented here were averaged over the last
50 model years.
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Fig. 1. Mean monthly (left column) and annual (right column) in-
solation difference (W m−2) between1TOTAL (a “lobl”–“hobl”)
and1MA (b “higrad”–“lograd”) experiments. The insolation dif-
ference in1MA yields the climate response to obliquity’s mean-
annual forcing (see Sect. 2 for detailed description). Contour in-
terval is 10 W m−2. Seasonal insolation differs between these ex-
periments sets, but the mean-annual insolation is identical between
1TOTAL and1MA.

3 Result

3.1 Snowfall response

To quantify the possible contribution made by mean annual
and seasonal forcing to ice-sheet mass balance, we exam-
ine the high-latitude continental snowfall responses to both
1TOTAL and1MA. In 1TOTAL, zonal continental snow-
fall increases by 25.0 cm (sum of upper and lower panel of
Fig. 2a). In contrast, in1MA, annual snowfall increases
by 10.9 cm (sum of upper and lower panel of Fig. 2b). The
global seasonal snowfall response (1SEA shown in Fig. 2c)
is 14.1 cm, indicating that mean annual and seasonal insola-
tion changes contribute almost equally to the total continental
snowfall response. In both1TOTAL and1MA, the snowfall
response occurs mainly during the summer half-year. In the
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Table 1. Numerical climate experiments.

Experiments Obliquity Anomaly Note

“lobl” 22.2◦ 1TOTAL = “lobl” −“hobl”
Total changes due to obliquity’s mean-annual &
seasonal forcing

“hobl” 24.5◦

“higrad” 23.4◦ Anomaly increasing the mean-annual insolation
gradient so that it is the same in “lobl”

1MA=“higrad”−“lograd”
Changes due to obliquity’s mean-annual forcing
1SEA=1TOTAL–1MA
Changes due to obliquity’s seasonal forcing

“lograd” 23.4◦ Anomaly increasing the mean-annual insolation
gradient so that it is the same in “hobl”
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Fig. 2. Continental snowfall response to orbital forcing. Zonally-average half-year (December through May and June through November)
differences in total snowfall (cm):(a) 1TOTAL (“lobl” −“hobl”), (b) 1MA (“higrad”–“lograd”), and(c) 1SEA (1TOTAL–1MA).

Northern Hemisphere, for example, a reduction in obliquity
(1TOTAL) enhances summer half-year snowfall by 78% and
winter half-year snowfall by 22% (Fig. 2b).

Differences in snowfall are mainly due to differences in
non-convective stable snowfall, which are closely related to
temperature and moisture transport. Non-convective precipi-
tation in FOAM forms when an air parcel exceeds vapor sat-
uration, and becomes snow when the lowest level of the at-
mosphere and the land surface are below the freezing point of
water (Kiehl et al., 1996). A decrease in obliquity alters inso-

lation in two ways that might enhance the total snow forma-
tion in 1TOTAL relative to1MA: (1) by decreasing insola-
tion and temperature at high latitudes; and/or (2) by enhanc-
ing the seasonal meridional insolation gradient and moisture
transport. We examine each of these factors below.

3.2 Winter snowfall response

The winter snowfall response in1TOTAL accounts for one-
quarter of the total annual snowfall difference. Northern
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Fig. 3. Differences in January-February-March atmospheric conditions over North America due to a decrease in obliquity (1TOTAL).
(a) Surface-air temperature (in degree Celsius),(b) Lower tropospheric wind (vectors; averaged from surface to 750 mb) and surface level
pressure (contour; in mb),(c) Lower tropospheric (750 mb) air temperature (in degrees Celsius),(d) Latent heat flux (in W m−2), (e)Relative
humidity (in %), and(f) Continental snowfall rate (in cm month−1).

Hemisphere continental snowfall increases in the mid-
latitudes from 40–60◦ N and decreases poleward of 70◦ N
(Fig. 2a). In contrast, the Northern Hemisphere snowfall
response in1MA does not display a systematic latitudinal
distribution (Fig. 2b).

The Northern Hemisphere winter snowfall difference be-
tween1TOTAL and 1MA can be mainly attributed to dy-
namical adjustments to the seasonal insolation forcing. In
1TOTAL, mid-latitude insolation is increased (Fig. 1), en-
hancing meridional insolation (Fig. 1a) and surface tempera-
ture gradients at high latitudes (Fig. 3a). The dynamical re-
sponse to these changes in radiative heating is an intensifica-
tion of the meridional circulation (i.e. polar cell) and the as-
sociated stationary patterns, including the Aleutian low in the
North Pacific (Fig. 3b–c). These adjustments lead to an in-

tensification of low-level cyclonic flow (Fig. 3b). Anomalous
northwesterly winds intensify the flow of polar air over the
northwestern Pacific Ocean, enhancing the local latent heat
flux (Fig. 3d). This anomalous moisture is transported by
the prevailing winds from the Pacific to North America, and
can be identified as a region of enhanced relative humidity
stretching across the mid-latitudes (Fig. 3e). An additional
source of moisture can also be identified over central North
America (Fig. 3d), and arises from enhanced radiative heat-
ing over the continent (Fig. 3a). These two moisture sources
provide the vapor that contributes to enhanced snowfall over
North America (Fig. 3f).

Two additional lines of evidence support our analysis,
and confirm the importance of this mechanism for enhanc-
ing snowfall. First, in the Southern Hemisphere, where
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Fig. 4. Differences in zonally-average June–July–August(a) con-
tinental surface-air temperature (in degree Celsius),(b) continental
rainfall rate (in cm month−1), and(c) continental snowfall rate (in
cm month−1) between experimental sets. Results from1TOTAL
(red line) and1MA (black line) experiments are shown.

stationary patterns are not well pronounced, this dynamic re-
sponse to seasonal forcing does not occur, and winter snow-
fall does not change substantially (Fig. 3a, lower panel). Sec-
ond, in the absence of winter heating in1MA, there is no
significant change in Northern Hemisphere circulation, latent
heat flux (not shown), or snowfall (Fig. 2b).

3.3 Summer snowfall response

In summer, snowfall increases due to both (1) a decrease in
air temperature due to a reduction in NH insolation and (2) an
increase in seasonal poleward moisture transport. Summer
(June) insolation at 80◦ N decreases by 48 and 25 W m−2 in

1TOTAL and1MA, leading to decreases in zonal-averaged
SATs by 2.5 and 0.5◦C, respectively (Fig. 4a). The larger
reduction in SAT in1TOTAL is mainly due to a greater
summer sea-ice extent in the “lobl” experiment, which in-
creases local albedo. The reduction in air temperature can
partially explain the snowfall responses in1TOTAL and
1MA through (1) the transformation of rainfall to snowfall,
and (2) an increase in local atmospheric saturation due to a
decrease in saturation vapor pressure following the Clausius-
Clapeyron relationship. In support of (2), lower troposphere
relative humidity increases over most of the northern mid-
and high-latitude regions (Fig. 5a–b). In support of (2),
lower troposphere relative humidity increases over most of
the northern mid- and high-latitude regions (Fig. 5a–b).

Two lines of evidence indicate, however, that the local
temperature decrease only partially explains the summer
snowfall increase1TOTAL. First, the increase in (water-
equivalent) snowfall is twice the simulated decrease in rain-
fall (Fig. 4b–c), indicating the existence of additional mois-
ture sources. Second, changes in lower troposphere relative
humidity do not directly track changes in temperature. In
1TOTAL, for example, the greatest increases in relative hu-
midity occur in the mid-latitudes near 45◦ N (Fig. 5a), while
insolation and temperature reductions are greatest at high lat-
itudes (Figs. 1a and 4a).

In addition to absolute insolation, the summer equator-
to-pole gradient also changes in1TOTAL and 1MA. A
reduction in the axial tilt (1TOTAL) enhances the sum-
mer equator-to-pole insolation gradient by up to 55 W m−2

(Fig. 1a) leading to a 3◦C increase in summer merid-
ional temperature gradient (Fig. 4a). In contrast, in1MA,
the summer equator-to-pole gradient is enhanced by only
30 W m−2 (Fig. 1b) leading to a 0.5◦C increase in summer
meridional temperature gradient (Fig. 4a). As a result of dif-
ferential heating between low- and high-latitudes, baroclin-
icity increases in both cases, but the changes are greatest in
1TOTAL. In the modern climate, transient eddies increase
with baroclinicity and are responsible for transporting heat
and moisture between the subtropics and mid-latitude (Tren-
berth and Stepaniak, 2003). FOAM responds in a similar
manner. The high baroclinicity in1TOTAL enhances North-
ern Hemisphere transient eddy activity leading to a 200% in-
crease in summer poleward transient eddy vapor transport
at 45◦ N and an enhancement in the total vapor transport
(Fig. 5e and f). The increase in summer vapor transport pro-
vides the moisture for additional boreal continental snowfall,
and is reflected in changes in relative humidity (Fig. 5a). As
noted above, in1TOTAL, the largest increases in relative
humidity coincide with regions of enhanced baroclinicity at
∼45◦ N. Snowfall in the Southern Hemisphere responds in
a similar way to an increase in the summer equator-to-pole
insolation gradient (Fig. 2a). With a decrease in obliquity,
mid-latitude summer baroclinicity, total and transient vapor
transport are enhanced (Fig. 5e–h), leading to an increase of
>100% in the Southern Hemisphere.
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Fig. 5. Response of vapor transports and tropospheric relative humidity to orbital changes. (a–d) Difference maps of lower tropospheric
(750 mb)(a–b)June–July–August(c–d)December–January–February relative humidity (%) for (a, c)1TOTAL and (b, d)1MA. The polar
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experimental sets. Results from1TOTAL and1MA experiments are shown in red and black lines, respectively. Positive values represent
an increase in northward vapor transport or a reduction in southward vapor transport.

In contrast, in1MA, Northern Hemisphere transient and
total vapor transports are only slightly enhanced in summer
(Fig. 5e and f). As a consequence, changes in relative hu-
midity mainly track insolation changes, and remain essen-
tially unchanged (small decreases and increases) at∼45◦ N
(Fig. 5b).

4 Implications for the ice volume record

Changes in obliquity cause variations in both mean annual
and seasonal insolation. We have designed numerical exper-
iments to evaluate the relative importance of these insola-
tion changes on continental snowfall. Our model results in-
dicate that the influence of mean annual and seasonal obliq-
uity forcing are approximately equal and account for 44%
and 56% of global annual continental snowfall, respectively.
However, the mechanisms that lead to these snowfall changes
differ. The response to mean-annual insolation forcing is
mainly through local radiative effects, i.e. atmospheric heat-
ing and changes in saturation vapor pressure. In contrast,
the response to seasonal insolation forcing through obliquity

is amplified in FOAM through winter ocean-to-land vapor
transport and summer transient eddy activity (Figs. 3 and 5).
Our results highlight the importance of equator-to-pole in-
solation gradients, and demonstrate that changes in insola-
tion gradients can generate dynamical changes that influence
moisture transport and continental snowfall. For perspective,
it is worth noting that a decrease in axial tilt (1TOTAL) led
to polar zonal SAT decreases of 6 and 2.5◦C in NH winter
and summer, respectively. Yet, the snowfall response was
3.5× greater in the NH summer, mainly due to enhanced
moisture transport through transient eddies.

Our results have important implications for understanding
orbital variability in the ice-volume record. Changes in an-
nual and seasonal meridional insolation gradients and asso-
ciated atmospheric and vapor responses have been hypothe-
sized to cause ice-volume variability (e.g. Khodri et al., 2001;
Crucifix and Loutre, 2002; Raymo and Nisancioglu, 2003;
Loutre et al., 2004; Vettoretti and Peltier, 2004; Kukla and
Gavin, 2004; Risebrobakken et al., 2006). However, this hy-
pothesis has not been explicitly tested in a systematic way
before. Our results support the hypotheses that changes in

www.clim-past.net/4/205/2008/ Clim. Past, 4, 205–213, 2008



212 S.-Y. Lee and C. J. Poulsen: Snowfall response to obliquity forcing

2.0

4.0

0.0

-2.0

-4.0

2.0

4.0

0.0

-2.0

-4.0
90S    60S    30S       0      30N   60N    90N 90S    60S    30S       0      30N   60N    90N

Pr
ec

es
si

o
n

sn
o

w
fa

ll 
d

iff
er

en
ce

 (c
m

)

Latitude Latitude

Fig. 6. Zonally-average half-year continental snowfall response to
precessional forcing. Snowfall differences are in cm.

equator-to-pole insolation gradients can significantly influ-
ence snowfall, and presumably global ice volume. On sea-
sonal timescales, the snowfall response to changes in merid-
ional insolation gradients is amplified through internal cli-
mate dynamics, mainly through atmospheric circulation and
vapor transport. On mean annual timescales, internal climate
dynamics have a smaller effect on continental snowfall.

Although we have shown that orbital forcing by obliquity
is amplified leading to greater global ice volume variabil-
ity, it is not clear whether this amplification is great enough
to explain the global ice-volume record, specifically the ob-
servation that variability is significantly greater at obliquity
timescales than precessional timescales. To directly com-
pare the snowfall response to obliquity and precession, we
have completed two additional precessional sensitivity ex-
periments. In these experiments, Northern Hemisphere sum-
mer is positioned at aphelion (cold NH summer orbit) and
perihelion (warm NH summer orbit), respectively, in an ec-
centric orbit (eccentricity = 0.056, which represents the max-
imum value over the last 3 Ma (Berger et al., 1993)). Pre-
cessional oscillation from warm to cold NH summer or-
bits increases the continental snowfall in the NH by 14.3 cm
(Fig. 6). Snowfall variations over a processional oscillation
result from both thermal and dynamical effects. During the
summer half-year, the thermal effect dominates. Snowfall
increases (decreases) when NH (SH) summer insolation and
surface temperature decrease (increase) (Fig. 6). The dynam-
ical effect is most apparent during winter when an increase
in meridional thermal gradient enhances storm activity, lead-
ing to an increase in high-latitude snowfall (Lee, unpublished
data). The simulated snowfall response in FOAM to preces-
sion is largely similar to climate sensitivities described in
Jackson and Broccoli (2003) using an AGCM coupled to a
slab-ocean model.

The precessional shift in the orbital position of NH sum-
mer leads to a NH continental snowfall response that is 85%
of that calculated due to a change in axial tilt (1TOTAL).
In comparison to a change in obliquity, a change in preces-
sion does not influence mean-annual insolation and has only
a small influence on summer insolation gradients. However,

it has a very large effect (up to∼70 W m−2) on absolute sum-
mer insolation, which contributes to the large snowfall re-
sponse. This comparison has important implications for the
insolation gradient hypothesis. While mean-annual and sum-
mer meridional insolation gradient changes associated with a
decrease in obliquity may amplify relatively weak insolation
forcing, their influence may not be sufficiently large to ac-
count for the spectral nature of the ice volume record.

5 Caveats

In our experimental design and analysis, we have made sev-
eral assumptions that warrant discussion. First, throughout
our analysis and interpretation, we assume that an increase
in snowfall translates into an increase in ice volume. In re-
ality, the ice volume results from a combination of snowfall
accumulation and summer ablation. Ablation is often quanti-
fied using the positive-degree-day index (PDD), an estimate
of melt based on the number of days with near-surface air
temperature above the melting point, and a local melt fac-
tor. The change in PDD will be much larger in1TOTAL
than1MA simply because the change in summer insolation
(Fig. 1) and continental surface temperature (Fig. 4a) is much
larger. As a result, the inferred ice-volume changes between
our 1TOTAL and 1MA cases are probably too small. We
have not calculated the absolute change in PDD here because
the values are sensitive to the mean high-latitude climate,
which is strongly influenced by our choice of (modern) trace
gas values, and to local melt factors that are not well con-
strained. In the absence of a dynamic ice-sheet component in
our model, it is not possible to calculate the exact ice-volume
change that would result from the changes in insolation forc-
ing prescribed here; consequently, our results may be better
viewed as continental ice accumulation potential.

In addition, since we simulate the climate response to
obliquity insolation changes under present-day boundary
conditions, the snowfall response described here does not ac-
count for Pleistocene boundary conditions (e.g. CO2, CH4,
and land surface types), which varied between glacial and
interglacial times. In a cold climate with low pCO2, it is un-
clear if the snowfall response to insolation forcing would in-
crease. A decrease in mid-latitude surface temperature would
likely cause an increase in summer snowfall and an enhanced
moisture transport due to a stronger meridional thermal gra-
dient. However, a decrease in surface temperature might also
reduce specific humidity due to a decrease in saturation vapor
pressure in a cold climate, leading to a reduction in snowfall.

6 Summary

In sum, this contribution systematically identifies climate
mechanisms that amplify the climate response to obliquity
forcing, and demonstrates that both mean annual and sea-
sonal changes in the meridional distribution of insolation
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play important roles in amplifying this forcing. In partic-
ular, seasonal insolation forcing has been shown to influ-
ence atmospheric circulation and vapor transport, leading
to significant changes in snowfall, and presumably ice vol-
ume. Nonetheless, our model results suggest that these cli-
mate feedbacks can not fully explain the large spectral power
of the 41-kyr cycles relative to the 21-ky cycles in the ice-
volume record, and the 41-kyr paradox remains just that.
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