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Abstract

Proxy data suggest the onset of Northern Hemisphere glaciation during the Plio-Pleistocene
transition from 3.2 to 2.5 Ma resulted in enhanced climate variability at the obliquity (41 kyr)
frequency. Here, we investigate the influence of the expanding Greenland ice sheet (GrIS) on
the mean climate and obliquity-related variability in a series of climate model simulations.
These suggest that an expanding GrIS weakens the Atlantic Meridional Overturning
Circulation (AMOC) by ~1 Sv, mainly due to reduced heat loss in the
Greenland-Iceland-Norwegian Sea. Moreover, the growing GrIS amplifies the Hadley
circulation response to obliquity forcing driving variations in freshwater export from the
tropical Atlantic and in turn variations of the AMOC. The stronger AMOC response to
obliquity forcing, by about a factor of two, results in a stronger global-mean near-surface
temperature response. We conclude that the AMOC response to obliquity forcing is important
to understand the enhanced climate variability at the obliquity frequency during the

Plio-Pleistocene transition.

1. Introduction

The transition from the Pliocene to Pleistocene around 3.2 to 2.5 Million years before present
(Ma BP) was characterized by the onset of Northern Hemisphere glaciation (NHG) and an
increase of climate variability at the obliquity frequency (41 kyrs) [e.g., Lisiecki and Raymo,
2005; Lisiecki and Raymo, 2007; Rohling et al., 2014; Martinez-Boti et al., 2015]. Marine
sedimentary records of ice rafted debris [e.g., Bailey et al., 2013] and temperature proxies
records from around the globe indicate a global cooling trend [e.g., Herbert et al., 2010;
Lawrence et al., 2009; Lawrence et al., 2010; Naafs et al., 2010] which was particularly
pronounced between 3.0 and 2.5 Ma BP [Mudelsee and Raymo, 2005; Fig. Sla,c]. The
cooling trend was accompanied by increased variability in North Atlantic sea surface
temperature (SST) and global mean benthic foraminiferal §180; a proxy for ice volume and
deep-sea temperature [Lisiecki and Raymo, 2005, the LR04 stack], in the 41 kyr band (Fig.
S1b,d analyzed with ARAND [Howell, 2001]). Lawrence et al. [2009] found that North
Atlantic. SST began to lead §'80 significantly, coincident with the strong cooling trend at

Ocean Drilling Program (ODP) site 982. The progressively stronger level of variability in the
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obliquity band in a number of proxies suggests a link between the growth and persistence of
the Greenland ice sheet (GrIS) and the strengthening climate response to obliquity forcing.

The Atlantic Meridional Overturning Circulation (AMOC) transports large amounts of
salt and heat poleward and also exerts a strong control on the stratification and distribution of
water masses in the deep ocean [Kuhlbrodt et al., 2007]. Thus, the AMOC has a profound
influence on the Earth’s climate and its variability. The tilt of Earth’s rotational axis, known
as obliquity, controls the distribution of top-of-atmosphere (TOA) incoming solar radiation
with respect to its seasonal and meridional contrast, but not global-mean insolation. Low
obliquity weakens the seasonal insolation contrast between the summer and winter
hemispheres and strengthens the meridional insolation gradient within the summer
hemisphere [Fig. S2 a, b calculated after Bretagnon and Francou, 1988; Mantsis et al., 2014].
Hence, inter-hemispheric insolation at low obliquity is associated with weak cross-equatorial
Hadley circulation and reduced heat transport from the summer hemisphere to the winter
hemisphere, and vice versa [Mantsis et al., 2014]. Obliquity can affect the AMOC by
freshwater forcing and early studies suggested that changes in the AMOC were likely driven
by changes in ice volume. For instance, Imbrie et al. [1992] found that North Atlantic benthic
5'3C records, reflecting deep water mass changes, slightly lagged ice volume at the obliquity
frequency. Comparison with SST proxy records from the North and tropical Atlantic revealed
the link between the benthic §'°C and northward heat transport and hence, overturning rate
[Lisiecki et al.; 2008].

The GrIS'is the largest body of ice and freshwater reservoir in the Northern Hemisphere
is equivalent to 7 m global sea level rise [Gregory et al., 2004]. Its average elevation is 1829
m above sea level with a maximum height of 3278 m (calculated with the dataset of [Bamber
et al., 2001]). Freshwater input from GrIS melting can substantially weaken the AMOC in
anthropogenic climate change simulations (e.g. Mikolajewicz et al. [2007]). The topographic
relief, of the GrIS and high surface albedo generates a cold high pressure center influencing
the downstream Northern Hemisphere mid-latitude westerly flow and northeasterly trade
winds, thus affecting the North Atlantic Oscillation (NAQO), storm activity in the North

Atlantic, and Intertropical Convergence Zone (ITCZ) [Dethloff et al., 2004; Chiang and Bitz,
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2005; Davini et al., 2015].

Here, we investigate the climatic impact of the expanding GrIS during the
Plio-Pleistocene transition. This includes, among others, the mean response of the AMOC
and its sensitivity to obliquity forcing. We show how the expanding GrIS may affect the
global climate variability through the AMOC and associated atmospheric circulation changes.
The paper is organized as follows: section 2 describes the climate model, the experimental
setup and methods for heat and moisture transport calculation. The influence of the buildup of
the GrIS on the AMOC and its obliquity-forced variability are addressed in section 3. A

summary and discussion of the main results are given in section 4.

2. Model and Experimental Design

The Kiel Climate Model (KCM; Park et al. [2009]), a fully coupled atmosphere-ocean-sea ice
general - circulation model (AOGCM), is used to perform long-term (at least 1,900 model
years) climate simulations. The atmosphere model is ECHAMS [Roeckner et al., 2003] which
is integrated with T31 (3.75°x 3.75°) horizontal resolution and 19 vertical levels up to 10 hPa.
The ocean-sea ice component is NEMO [Madec, 2008] on a 2° Mercator mesh, with 31
vertical levels. The meridional resolution increases towards lower latitudes, with 0.5° in the
equatorial region. The two components are coupled with the OASIS3 coupler [Valcke, 2006].
No form of flux correction or anomaly coupling is employed.

We perform a series of simulations (Table 1). A control integration of the KCM,
hereafter named Modern, is 2,700 years long and initialized with the Levitus climatology of
temperature and salinity. The control integration employs the modern GrIS. In the
mid-Piacenzian (3,264 to 3,025 Ma BP) run, hereafter named Plio, only the configuration of
GrIS is implemented. A snapshot of the mean topography and ice sheet mask of the GrIS is
taken from the latest Pliocene Research, Interpretation and Synoptic Mapping (PRISM4)
reconstruction dataset [Dowsett et al., 2016, and references therein]. The mean GrIS elevation
in Plio is 850 m, which is 781 m lower than that in Modern (1,631 m, Fig. 1a). The area of
the GrIS in Plio shrinks to 50 % of that in Modern (Fig. 1b). Soils, lakes, vegetation and
topography outside of Greenland ice sheet regimes in Plio are all set to modern. Different

from the Ei**° simulation in PlioMIP Phase 2 [Haywood et al., 2016], which investigates both
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the impact of Greenland and Antarctic ice sheets, Plio is to assess the orographic impact of
GrIS on the mean state.

Four sensitivity experiments with differing obliquity are carried out to investigate the
impact of the GrIS on climate variability. The first two experiments adopt the modern GrIS
boundary conditions with idealized low (22.34° , ModernvLow) and high (24.05°, Modernsigh)
obliquity extremes as present during the Pliocene-Pleistocene transition based on calculations
by Laskar et al. [2004] (Fig. S3). The other two experiments are identical but employ the Plio
GrIS boundary conditions and idealized low (22.34°, PlioLow) and high obliquity (24.05°,
Plionign). The modern value for longitude of perihelion (282.7°) and eccentricity (0.0167) is
computed after Berger and Loutre [1991]. The COz concentration in Plio simulations is fixed
at 405 ppm following the Pliocene Model Intercomparison Project (PlioMIP) protocol
[Haywood et al., 2011]. Apart from Modern, all runs are integrated for 1,900 years, with the
monthly-mean output of the last 600 years taken for analysis. Initialization is as follows;
Modernnigh, ModernLow and Plio start from conditions at year 1,000 of Modern. Plionigh

and PlioLow start from year 500 of Plio.

3. Results

3.1 Mean state

We first investigate the impact of GrIS expansion on the mean state by discussing long-term
annual-mean and winter-mean (DJF) changes of selected variables. By and large the response
is in agreement with previous model results [Davini et al., 2015]. The elevated Modern GrIS
cools (Modern vs. Plio) the annual-mean Tm (2m-air-temperature) by almost 6 K averaged
over Greenland (Fig. 2a contours). DJF and JJA average temperature over Greenland
decreases by 6.3 K and 4.9 K, respectively (not shown). With the KCM assuming a lapse rate
of 6.5 K/1,000 m due to elevated topography for a standard atmosphere, the
elevation-induced near-surface cooling is 5 K, while the imposed change in albedo would
only account for 0.9 K as a residual. The interhemispheric temperature gradient, defined as
the difference of averaged Tom between the Northern (0° - 90°N) and Southern Hemisphere
(0° -90°S), declines from 1.05 K in Plio to 0.77 K in Modern. This value is smaller than

that calculated from observations and the CMIP3 multi-model mean of 1.24 K and 1.13 K,
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respectively [Kang et al. 2015]. On the other hand, the intrahemispheric temperature gradient
in the K€M, defined as the difference of averaged Tom between the tropics (5°S - 5°N) and
northern high latitudes (60° N - 90°N), increases from 7.9 K in Plio to 8.2 K in Modern. The
change in interhemispheric and intrahemispheric temperature gradient does not only arise
from cooling over Greenland but also from a weak cooling over the North Atlantic (Fig. 2a).
The expansion of the GrIS leads to surface cooling of the North Atlantic which amounts to
0.15 K averaged over 40°N - 60°N (Fig. 2a shading). The western part of the GIN
(Greenland-Iceland-Norwegian) Sea cools, but the eastern part and the Barents Sea warms.
The simulated Barents Sea inflow, defined as the gradient of the barotropic streamfunction
between Svalbard and the northern tip of Norway, increases by 2.2 Sv (1 Sv = 10° m?/s) from
Plio to Modern (Fig. S4). This presumably is related to weakened easterly winds (Fig. 2d)
and. the subsequent retreat of sea ice (Fig. S5), especially in DJF. Surface warming is largest
in the Barents Sea through the positive ocean-sea ice-atmosphere feedback in this region
[Semenov et al., 2009]. Surface temperature responses in the tropics and subtropics are small
but statistically significant at the 99 % confidence level according to a Student’s t-test (Fig.
2a hatching), indicating Atlantic-wide influences.

The expansion of the GrIS reduces the annual-mean precipitation over Greenland (Fig.
2b), mainly by reduced specific humidity caused by the higher elevation and weaker
atmospheric upward motion (not shown). The expanding GrIS induces a seasonal southward
shift of the Intertropical Convergence Zone (ITCZ, Fig. S6 calculated after Hu et al., 2007)
over the tropical Atlantic (Fig. 2b), due to the asymmetric SST response with cold SST
anomalies north and warm SST anomalies south of the mean position of the ITCZ (Fig. 2a).
The positive wind-evaporation-SST feedback has been suggested to enhance the ITCZ
response [Chiang and Bitz, 2005], but in the KCM there is no significant change in the
tropical Atlantic surface heat flux (Fig. 2d).

In the KCM, the AMOC strength is mainly determined by deep convection at two sites:
one is south of Greenland (48°N - 60° N, 24° W - 45°W; the lower green box in Fig. 2¢) and
the-other in the GIN Sea (66°N - 78°N, 6° W - 12°E; the upper green box in Fig. 2¢). The

DJF-mean near-surface winds transport cold air from North America and the Arctic to the
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Irminger Sea and the GIN Sea where the ocean loses heat to the atmosphere in boreal winter
(DJFE, Fig. 2c shows the fields for Modern). The elevated GrIS in Modern drives a cold and
high pressure center over Greenland, which weakens the near-surface winds over the two
deep convection sites. The oceanic heat loss to the atmosphere is reduced by 11.4 W/m? (7 %)
and 35.5 W/m? (21.4 %) over the convection sites south of Greenland and in the GIN Sea,
respectively (Fig. 2d). The DJF-mean mixed layer depth displays a dipolar response pattern
shoaling on average by 86 m south of Greenland but by only 6 m in the GIN Sea (Fig. 2e,
more details can be seen in Fig. S7¢e). Consistently, the AMOC weakens in the annual mean
(Fig. 2f). The AMOC index, defined as the maximum overturning stream function at 30°N,
reduces from a multi-century mean of 14.1 Sv in Plio to 13.2 Sv in Modern (the standard
deviation of interannual variability remains unchanged at 0.7 Sv; Fig. S8). Sea ice expanded
in Modern due to the slightly weaker AMOC, which suggests expansion of sea ice coincident

with the NHG [Knies et al., 2014].

3.2 Response to obliquity forcing

The beginning of the “41-ka world”, revealed by reconstructed SST and §'%0 (Fig. S1),
occurred around 2.7 Ma BP along with the onset of NHG including the expansion of the GrIS
(Fig. S1b,d; also see Fig.1 in Ravelo et al., 2004). Obliquity variability does not impact the
annual-mean global insolation but affects the seasonal and meridional distribution of
shortwave radiation at the top of the atmosphere (TOA). When the obliquity changes from
high to low, insolation increases throughout the year at lower latitudes and generally
increases (decreases) in winter (summer) at high latitudes [Mantsis et al., 2011]. However, the
increased insolation in winter does not compensate for the reduced insolation in summer. The
annual-mean insolation increase near the equator is about 2 W/m? and the annual-mean
insolation decrease near the poles is about 12 W/m? (Fig. S9). Obliquity-forced insolation
changes directly influence surface temperature and its meridional gradient, and subsequently
the zonally averaged atmospheric circulation. Here, we define the response of a selected
variable to obliquity forcing as the difference between the annual-mean of that variable at low
and high obliquity conditions. The zonal-mean surface temperature response is in good

agreement with that in Mantsis et al. [2011] (Fig. S10a,b). The expanded GrIS in Modern
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slightly enhances the Tom response by about 0.03 K in the Northern Hemisphere mid-latitudes
(not shown). However, due to the cold high pressure center in the North Atlantic sector, the
background intrahemispheric meridional temperature gradient intensifies by 0.3 K while the
interhemispheric temperature gradient weakens by 0.28 K. The impact of the expanded GrIS
on the thermal gradient is comparable to that of lower obliquity, which intensifies the
near-surface zonal wind and zonal-mean atmospheric circulation response. Consistent with
Mantsis et al. [2014], the simulated atmospheric response to decreased obliquity is an
increase in the Northern Hemisphere mid-latitude westerlies and tropical easterlies, which is
linked to enhanced meridional insolation and pressure gradients (not shown).
The atmospheric meridional overturning streamfunction response to obliquity forcing
(low minus high) depicts both an enhanced Hadley Cell and Ferrel Cell (Fig. S10c,d). The
ascending and descending branches of the Hadley circulation are associated with the ITCZ
and subtropical dry regions, respectively (Fig. S10c,d contours). The expansion of the GrIS
in Modern amplifies the Hadley circulation response in both its ascending and descending
branches south of the equator (Fig. S10c,d shading). The intensified response of the
descending branch is statistically significant at 99% level (Fig. S10c,d hatching). As shown
in Fig. 3a,b, the response of the freshwater balance, defined as precipitation minus
evaporation plus river runoff (P-E+R), is much stronger south of the equator in Modern
relative to Plio, which is consistent with the Hadley circulation response (Fig. S10c,d). The
net freshwater flux response integrated from 20° S to 20° N over the Atlantic amounts to -2.1
Sv and -1.4 Sv in Modern and Plio, respectively. We note that P-E+R is dependent on the
selection of the domain. We tested different domains, as a result of the expanded GrIS, and
the response is always stronger in Modern, ranging from 0.1 Sv to 0.7 Sv.

Several model studies addressed the impact of freshwater export anomalies in the
tropical Atlantic on the AMOC [e.g. Latif et al., 2000; Vellinga and Wu, 2004]. All these
studies suggest that the corresponding salinity anomalies propagate northward into the deep
convection sites where they can influence the formation of North Atlantic deep water
(NADW) and thus the AMOC. Some studies [e.g. Peterson et al., 2000; Latif, 2001;

Schmittner et al., 2000] highlight the potential importance of atmospheric water vapor
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transport over the American continent for AMOC stability and climate variability. We

calculate the Atlantic moisture export from our simulations by vertically integrating (from the

f Surf __dp
200 hPa

surface to 200 hPa) the product of the zonal wind and specific humidity (Q =
after Lohmann [2003] and L¢lé [2015]). Its response to obliquity forcing integrated from 20°
S to 20°N (Fig. 3c,d) amounts to 0.1 and 0.07 Sv for Modern and Plio, respectively. The
increased freshwater export due to the expanded GrIS in Modern eventually enhances the
obliquity-forced response of AMOC by about a factor of two (1.1 Sv for Modern as opposed
to 0.6 Sv for Plio, Fig. 3e,f). We do not expect a perfect response-magnitude match of the
tropical Atlantic freshwater export and AMOC strength due to the differences in contributions
from sea ice and surface heat flux as well as the selection of the integration domain.

Heat transport changes associated with the AMOC modulate the Northern Hemisphere
Tom tesponse to obliquity forcing. For example, 7 out of 12 models participating in the
Coupled Model Intercomparison Project phase 5 (CMIP5; Taylor et al. [2012]) produce a
significant positive linear regression between AMOC strength and Taom (Fig. S11), and only
two models exhibit a significant negative regression. The enhanced AMOC response
intensifies the North Atlantic (0°-60°N, 80°-20° W) Tam response (defined as the difference
between the multi-centennial (600 years) annual-mean of Ton at low and high obliquity
conditions) from 0.24 K in Plio to 0.36 K in Modern, the Northern Hemisphere Tonm, response
from 0.31 K in Plio to 0.40 K in Modern, and the global-mean Tam response from 0.16 K in
Plio to 0.28 K in Modern.

4. Summary and Discussion

We have investigated by means of a set of experiments with the KCM the impact of
GrIS _expansion on the mean surface climate and AMOC. Specifically, the influence of the
GrIS on the climate response to obliquity forcing (41 kyr) has been investigated to understand
the strengthening obliquity signal during the Plio-Pleistocene transition. We find that the
expanded GrIS weakens near-surface westerly winds south of Greenland and near-surface
easterly winds over the GIN Sea, which damps deep oceanic convection in these regions by
reducing heat loss to the atmosphere. Accordingly, AMOC strength weakens by about 1 Sv

and induces cooling of 0.15 K in the North Atlantic averaged over the region 40° N-60° N.
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Sea-ice fraction increases following the cooling, which further reduces the air-sea heat
exchange. Therefore, the expanding GrIS affects the AMOC through a positive
ocean-atmosphere-sea ice feedback. Our result is consistent with the results from PlioMIP
[Zhang et al., 2013], which show small changes in the AMOC between mid-Piacenzian and
modern times. The orographic impact of the GrIS on the AMOC is within the range of the
internal variability (20) but is statistically significant. The SST cooling following the buildup
of the GrIS is rather weak compared to the SST change estimated from North Atlantic sites
ODP 982 (Fig. S1a) and DSDP 607 of about 3 K [Lawrence et al., 2010]. This suggests the
importance of additional drivers during the Plio-Pleistocene transition such as the closure and
opening of Bering and Canadian Archipelago Straits, and the emergence of the modern West
and East Antarctic Ice sheet [Brierley and Fedorov, 2016; Otto-Bliesner et al., 2017; Hill et
al.;2017]. The opening of both Bering and the Canadian Archipelago Strais is linked to a 1.3
K SST cooling in the North Atlantic [Otto-Bliesner et al., 2017], while the glaciation over
West and East Antarctic supports a deep ocean cooling of 2.0 K reconstructed at site DSDP
607 [Hill et al., 2017]. The model-data discrepancy in this study would likely be smaller if
these changes in land surface and land sea distribution were included in the simulations.

We also investigated the role that the expanded GrIS could have played in enhancing the
climate response to obliquity forcing (41 kyr). In general, when the obliquity moves from
high to low, the Northern Hemisphere intrahemispheric meridional insolation gradient
strengthens while the interhemispheric meridional insolation gradient weakens [Mantsis et al.,
2014]. An expanding GrIS leads to similar influences in the KCM because of the influence of
elevation and albedo: the intrahemispheric temperature gradient strengthens by 0.3 K and the
interhemispheric temperature gradient weakens by 0.28 K. The response of the zonal-mean
atmospheric circulation to obliquity forcing intensifies with the expanded GrIS. In turn, the
obliquity-forced variation of the AMOC strengthens by about a factor of two, due to
enhanced net freshwater export from the tropical Atlantic, especially south of the equator,
subsequently leading to enhanced surface air temperature variability.

The key mechanism driving the enhanced climate variability in our simulations can be

summarized as Northern Hemisphere extratropical cooling initiated by the expanding GrIS,
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which drives stronger responses of freshwater flux to obliquity forcing in the Atlantic ITCZ
region [Chiang and Bitz, 2005; Broccoli et al., 2006]. The involvement of the ITCZ and
tropical freshwater flux can be a crucial element, as previously found in the KCM in response
to idealized solar forcing [Park and Latif, 2012]. Our results support the connection between
NHG and enhanced climate variability at the obliquity frequency, providing support to the
notion that the sensitivity of Earth’s climate to change in radiative forcing depends on the
background climate [Caballero and Huber, 2013]. However, the simulated response of surface
temperature to obliquity forcing is much weaker compared to that inferred from proxy data. We
note that the climate sensitivity depends on both slow “Earth system” feedbacks, which are
related to the boundary conditions, and fast feedbacks, which are related to internal processes
linked to, e.g., water vapor content or sea ice. Our simulations only consider the orographic
impact of the GrIS, one of the slow climate feedbacks. However, the simulations lack a carbon
cycle feedback that likely leads to the underestimation of the climate response, as suggested by
Martinez-Boti et al. [2015]. Further, the climate sensitivity is also strongly influenced by the
positive ice-albedo feedback. As the ice sheet mask is fixed in the KCM, the ice-albedo
feedback .is not included either. The uncertainty of the GrIS configuration during the
mid-Piacenzian [Dolan et al., 2015] also constrains our results. The influence of the ice sheets
over North America and Europe [Bintanja and van de Wal, 2008] are not accounted for in our
experiments with the KCM. Additionally, the opening of Arctic oceanic gateways and ice
sheets over West and East Antarctic are not considered and may further weaken the
interhemispheric temperature gradient [Brierley and Fedorov, 2016; Otto-Bliesner et al., 2017,
Hill et al., 2017]. Knies et al. [2014] suggested the gradual emergence of modern Arctic sea ice,
which may also provide a freshwater forcing on the AMOC. We do not claim that our findings
fully explain the increased climate variability at the obliquity frequency during the
Plio-Pleistocene transition, but suggest that the topographic changes of the Greenland ice sheet
were a contributor Our results suggest that slow feedbacks related to changing boundary
conditions may also be important in amplifying obliquity frequency climate variability.
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Figures
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Figure 1. The orography and ice sheet mask of GrIS and their representation in the KCM. a)
Difference (Modern minus Plio) of orography (shading, unit: m) and orography for Modern
(contours, interval: 400m). b) Dark blue shaded areas represent ice sheet regimes in both
Modern and Plio, light blue areas represent ice sheet regimes only in Modern. The

configuration in Plio is a snapshot of mid-Piacenzian conditions taken from PRISM4

[Dowsett et al., 2016].
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Figure 2. (a) Differences (Modern minus Plio) of annual mean sea surface temperature
(shading, unit: K) and T>m (contours, interval: 2 K), (b) annual mean precipitation (contours,
interval: 1.5 mm/day) and the difference (Modern minus Plio, shading, unit: mm/day), (c)
climatological DJF mean 10-m wind vector (arrows, unit vector is 4 m/s) and net surface heat
flux (shading, unit: W/m?) for Modern, (d) differences (Modern minus Plio) of DJF mean
10-m wind (arrows, unit vector is 0.7 m/s) and net surface heat flux (shading, unit: W/m?), ()

climatological DJF mean mixed layer depth (contours, interval: 400 m) and the difference
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(Modern minus Plio, shading, unit: m), (f) climatological mean Atlantic meridional
overturning circulation (contours, interval: 2 Sv) and the difference (Modern minus Plio,
shading, unit: Sv). Positive difference for the surface heat flux in (d) stands for reduced
oceanic heat loss to the atmosphere and vice versa. The green boxes in (d) and (e) indicate the
Irminger Sea and GIN (Greenland-Iceland-Norwegian) Sea, which are the two main
convection regions in the KCM. Hatching indicates the differences are significant at the 99%

confidence level using Student’s t-test.
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Figure 3. (a, b) Responses of precipitation - evaporation + river runoff (P-E+R) balance
(shade; mm/day) to obliquity variation (Low minus High) for Modern (a) and Plio (b). Green
contours show climatological mean P-E+R balance (contour interval: 1 mm/day) for Modern
(a) and Plio (b). Negative (dashed contour) P-E+R balance indicates the ocean exports fresh
water and vice versa. (¢, d) Responses of vertically integrated (from the surface to 200 hPa)
water vapor transport (shade; kg-m™!-s™1) for Modern (c) and Plio (d). Green contours
show climatological mean atmospheric moisture transport (contour interval: 100 kg-m™1 -

s1) for Modern (c) and Plio (d). Negative (dashed contour) atmospheric moisture transport
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indicates the water vapor is transported from the Atlantic to the Pacific. (e, f) Responses of
AMOC (shade; Sv) for Modern (e) and Plio (f). Green contours show climatological mean
AMOC (contour interval: 2 Sv) for Modern (e) and Plio (f). Hatching indicates the response

is significant at the 99% confidence level using Student’s t-test.
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Table 1. Overview of the model simulations analyzed in this paper. Modern and Plio of the experiments

are based on Modern and mid-Piacenzian (PRISM4) Greenland Ice sheet condition [Dowsett et al., 2016],

respectively. Subscripts Low and High represent low (22.34°) and high (24.05°) obliquity, respectively.

Experiment Greenland Obliquity Integration time
name Ice Sheet “) (model years)
Modern Modern 23.441 2700
Plio Mid-Piacenzian 23.441 1900
Moderngow Modern Low 1900
Modernigh Modern High 1900
Pliorow Mid-Piacenzian Low 1900
Plionign Mid-Piacenzian High 1900
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