Response to Reviewer#2

Pang et al. present interesting new high-resolution foraminiferal Mg/Ca based SST and
subsurface temperatures from the North Atlantic Site U1313 for the late Pliocene (3.65-3.4
Ma). The authors compare their data with previously published alkenone derived SST from the
same Site and discover a different development. Especially, during 3.65-3.5 Ma, when
alkenone derived SST showed a warming, their study suggests SST and subsurface cooling.
They argue that this supports a previous study that suggested a weakening of the NAC during
this time, which might have preconditioned the Northern Hemisphere Glaciation. The authors
explain the differences between foraminiferal Mg/Ca based SST and alkenone derived SST
due to representations of different seasons. They further argue that Mg/Ca derived SST
experienced a marked change from precession dominated during the late Pliocene towards
obliquity dominated during the Pleistocene. In contrast, alkenone SST were always driven by
obliquity changes. I think the presented data is of interest in terms of a proxy comparison from
an important core location when the Northern Hemisphere Glaciation begun. It is also a nice
extension of previous published SST records in this region. The manuscript text needs some
revisions at several locations when interpreting the results. Figures look good. In the following
are my comments that should be addressed before publication:

We thank the reviewer for their valuable comments and insights. Addressing these
concerns has significantly improved the quality and clarity of the paper.

Below are our detailed point-by-point responses (in blue) to each comment (in black).

Please note that all line numbers mentioned in our responses correspond to the “No
Markup” mode in the revised manuscript. Additionally, to prevent any errors or
confusion with line numbers, for certain comments, we have directly copied and pasted
the revised text into our responses.

The authors explain the close similarity of alkenone SST from Site U1313 and global benthic
dBO due to “ice-related albedo effects”. However, the mechanisms are not sufficiently
explained. Is a regional albedo effect meant? How does the albedo effect affect the temperature
gradient at ~40°N?

In the revised manuscript, we have added details in several places to improve the clarity of how
changes in ice-albedo might influence SST variations at site U1313. The specific sections can
be found in our responses to other similar comments below. Here, we present the first instance
where we explain the related mechanism (In section 4.2, Line 288-294):

“The ice-albedo effect is a crucial component of the climate system. For instance, in scenarios
where the ice coverage expands, the surface albedo correspondingly increases. This results in
more incoming solar radiation being reflected back into space, thereby cooling the surface
temperatures. Such a process could directly lower the SST at Site U1313 by the expansion of
polar cold air masses towards lower latitudes. Moreover, cooling in the polar region would
favor enhanced and southward-shifted westerlies (Bridges et al., 2023; Naafs et al., 2012). The
strengthened westerly winds over Site U1313 would contribute to a decrease in SST by
inducing excessive heat loss from the air-sea interface and by enhancing the mixing of upper
waters (Fan et al., 2023).”



The authors argue that “summer” SST from G. ruber Mg/Ca in combination with subsurface
temperature reconstructions are better suited to infer changes in NAC than “spring” SST from
alkenones. However, I think the authors should also look at possible seasonal changes in NAC.
Further, the connection between gyre circulation at 400 m water depth and NAC strength could
be better explained.

The use of SubT aims to minimize the potential interference caused by seasonal variations in
SST when discussing NAC changes. The seasonal variation’s impact on SST may originate
from changes in NAC or non-NAC factors, such as atmospheric circulation changes. Since
NAC transport occurs from the surface to depths of more than 1000 meters, if the long-term
changes in water temperature are due to NAC changes, we would expect to observe the same
changing patterns in both SST and SubT. We did not presuppose that SubT and summer SST
better reflect NAC changes; instead, we made judgments based on actual observations between
SubT and SST, including both Mg/Ca-based and alkenone-based SST records.

The NAC originates from the STG. The record of changes in northward heat transportation at
Site U1313 can be explained by both the meridional northern boundary changes and NAC
variations. For example, increased northward heat transport indicates a poleward expansion of
the northern boundary of the STG and a strengthened NAC. In this paper, we focus on
discussing the NAC variations.

For better describing how combining use SST and SubT can better infer NAC changes we
made several changes in the revised manuscript.

In the introduction section, between lines 81-88, we have revised the original content as follows:
“ Recent studies have underscored the importance of subsurface temperature (SubT) records,
obtained from deep-dwelling foraminiferal species like Globorotalia inflata and Globorotalia
crassaformis, in examining horizontal heat advection at depth (Bolton et al., 2018; Catunda et
al., 2021; ReiBig et al., 2019). Unlike SST, which is influenced by seasonal factors such as
insolation and wind patterns, SubT exhibits minimal seasonal variability. This makes SubT a
more reliable indicator for studying horizontal heat advection related to changes in ocean
currents. In the boundary regions of the North Atlantic STG, changes in SubT have been closely
linked to the meridional movements of water mass of the STG (Bolton et al., 2018; Reillig et
al., 2019). Therefore, the combined use of SST and SubT can help distinguish the impacts of
different climatic factors on their variations.”

In the section 4.3, between lines 339-346, we have revised the orginal content as follows:
“The northward water flow of the NAC occurs from the surface to depths exceeding 1000
meters (Daniault et al., 2016; Lozier, 2012). Temperature changes due to variations in lateral
oceanic heat transport should manifest consistently at both surface and subsurface depths. The
SST is influenced by a variety of factors, including significant seasonal fluctuations, which can
obscure the signal of ocean current variations. In contrast, the subsurface waters inhabited by
G. hirsuta (300 — 500m) display minimal seasonality (Fig. 1e), providing a clearer signal of
long-term trends related to changes in lateral oceanic heat transport. Thus, by comparing SST
and SubT records, we can better discern whether changes are due to variations in lateral oceanic
heat transport. As shown in Fig. 4e, the Mg/Ca-based SubT exhibits a small but significant
two-step cooling, each corresponding to the Mg/Ca- or alkenone-based SST records, reflecting
two stages of possible NAC variation.”

As mentioned above, subsurface Mg/Ca temperatures were used to support the surface
temperatures, especially during 3.65-3.5 Ma. However, in the method section the authors show



an error in subsurface temperatures of about +5°C, and further it is argued that this does not
affect the results as the record is not used for comparison. I suggest revising this, better
describing how subsurface temperatures can support SST.

We have revised the reason why the +5°C does not affect the results in the method section
(Line 149-155) as follows:

“The considerable uncertainty associated with G. hirsuta Mg/Ca-based SubT arises from the
significant uncertainty in its calibration. This error is expected to be reduced with
improvements in the calibration of G. hirsuta. For this study, the focus is more on the temporal
variability and long-term trends of SubT itself, rather than comparing absolute temperature
values with other temperature records. Therefore, for SubT records, the error in Mg/Ca
measurements is more relevant in determining whether its own variability (such as orbital
cycles and long-term trends) is significant. Considering only the measurement error, the
corresponding G. hirsuta Mg/Ca-based SubT uncertainty is +0.05 °C.”

More detailed comments in the manuscript:

Title: It might be better to focus on the differences between SST derived from foraminiferal
Mg/Ca and alkenones. Why not mention the “onset of Northern Hemisphere Glaciation”?

Inconsistencies between Mg/Ca-SST and Alkenones-SST are commonly observed in previous
studies, but the significant seasonal differences they reflect and the precession cycle observed
in Mg/Ca-SST are the main new findings of this paper. Thus, we want to highlight these
findings in the title. There is no consensus within the community regarding the timing of the
onset of Northern Hemisphere glaciation. Therefore, such statements may imply different times
to different readers. Thus, we prefer to provide clear time information for all readers by using
‘the onset of the Late Pliocene’ in the title. So, we prefer to keep the title as it is.

Line 24: Please include the influence of obliquity

Influence of obliquity on alkenone-SST has been added in the abstract (Line 23, revised
manuscript)

Lines 31: Is “Cool-house climate” needed here? Maybe delete it as it may confuse the reader.

The “Cool-house climate” has been deleted, and this sentence has been further adjusted to (Line
32-33, revised manuscript):

“During this period, the climate shifted from a relatively stable and warm unipolar glaciated
state to a cold and varied bipolar glaciated state associated with the development of the
Northern Hemisphere Glaciation (NHG)”

Lines 85-87: This needs to be better described.



We have improved the whole paragraph for better express the importand usage of SubT (Line
81-88, revised manuscript), We have previously addressed this issue in our response to above
comment.

Line 112: Reference are needed for “is widely used”.

References has been added (Line 111-112).

Lines 117-119: Please make two sentences out of this.

Have been changed (Line 117-119)

Lines 121-124: There is unnecessary information and repetition. Please shorten.

We have removed the unnecessary inforamtion in the begginnig of Section 2.3 (Line 121)

Line 136: Also provide absolute error.

The absolute error has been provided along with the Mg/Ca ratios of the standard resolution as
follows(Line 130-133):

“The long-term reproducibility of Mg/Ca measurements, obtained by replicating analyses of a
standard solution (Mg/Ca = 3.6 mmol/mol) along with samples over a four-month testing
period, is 0.014 mmol/mol, corresponding to a relative standard deviation (RSD) of +0.4%
(1o).”

Line 145: Please provide the reader with the difference between uncorrected and corrected
Mg/Ca derived SST.

We have provided the difference between uncorrected and corrected Mg/Ca derived SST and
SubT in the revised manuscript after introducing the calibration (Line 145-146):

“According to the chosen temperature calibration, correcting for the long-term evolution of
Mg/Casw increased the G. ruber-based SST on average by ~0.8°C and the G. hirsuta-based
SubT by ~0.3°C.”

Line 160: Capital letter after a full stop.

We have corrected this in the revised manuscript.

Line 162: Provide latitudes and longitudes of the sites.

The latitudes and longitude of the sites have been provided in the caption of Figure 1.

Lines 174-176: Please indicate how much temperatures decrease

The corresponding temperature decrease has been added (Line 177-178):



“The first trend, similar to the SST record, spans from 3.65 to 3.5 Ma with a decrease of
approximately 1°C, while the second trend commences from 3.45 Ma onwards, showing a
decrease of about 0.5°C. ”

Line 188: Indicate the time period.

Time period for the studied interval has been informed in the caption of Figure 2
Line 193: Give more information how the smooth was calculated

More inforamtion has been added about the smooth method in the caption of Figure 2

“Dashed line in (e) and (f) indicates smoothed curve by using Locally Estimated Scatterplot
Smoothing (LOESS) method in R with a span of 0.75 and a polynomial degree of 2 to reveal
underlying long-term trends.”

Line 206: Please provide the reference for the alkenones
Correponding reference has been added (Line 214).
Line 235: Shorten the phrase. Is there something available with higher resolution?

The phrase has been shortened. In our knowledge, there is no higher resoltuion data available
within our studied interval.

Line 251: The authors argue that alkenone derived SST indicate spring temperatures why
mention here “mean or spring conditions”? This is confusing.

In our study, the difference between Mg/Ca- and alkenone-based SST is reflected in two
aspects: absolute values and variation characteristics. Regarding absolute values, whether the
alkenone-based SST represents spring temperatures or annual mean temperatures can be used
to explain the differences with Mg/Ca-SST. In terms of variation characteristics, the alkenone-
based SST must represent seasonal characteristics different from the summer characteristics of
Mg/Ca-SST. In the initial draft, Line 251, we mentioned “mean or spring conditions” because,
although we tend to believe that in our study interval the alkenone-based SST likely represents
spring temperatures, we have no direct evidence to exclude the possibility that alkenone-based
SST represents annual averages in terms of absolute values. In the revised manuscript, we have
added few sentences to clarify our considerations regarding both absolute values and variation
characteristics as follows (Line 264-278):

“A recent study from the vicinity of the Azores Islands to the south of Site U1313
suggests that the alkenone-based SST predominantly records spring temperatures (Repschlager
et al., 2023). The alkenones are produced by coccolithophores that proliferate during spring
blooms (March to May) in the mid-latitudinal North Atlantic (Cavaleiro et al., 2018; Lévy et
al., 2005). As illustrated in Fig. 1d, March and April still fall within the coldest SST range at
Site U1313. This evidence indicates that it is highly likely that the alkenone-based SST in our
study area tends to reflect spring temperatures. However, it is important to note that we have
no direct evidence to rule out the possibility that the alkenone-based SST represents the annual
mean temperature, which is the calibration temperature used in the equation to convert the
alkenone unsaturation index into SST (Miiller et al., 1998; Naafs et al., 2010).



Compared to the uncertainty regarding its absolute values, we can draw more certain
conclusions about the season represented by the variation characteristics of the alkenone-based
SST. Given our understanding that G. ruber Mg/Ca-SST reflects summer conditions, the
distinctly different changes in the alkenone-based SST must represent a season different from
summer. In other words, whether the alkenone-SST in our study interval represents only spring
or the annual mean in its values, its variation characteristics are certainly skewed towards a
season opposite to the summer season indicated by the G. ruber Mg/Ca-based SST. Here, we
refer to the alkenone-based SST as representing the cold season to contrast with the warm
season indicated by G. ruber Mg/Ca SST.”

Line 284: Define which depths are meant.
Depths information has been added in the revised manuscript as follows (Line 303-305):

“Alkenone-based SST represents the upper 10 m of the water column (Herbert 2001), whereas
foraminifera Mg/Ca-based SST represents a greater depth range of the water column (Anand
et al., 2003). For instance, the G. ruber white used in this study covers a range of 0-50 m
(Anand et al., 2003).”

Lines 287-288: Unclear. Please better describe.

We have improved the describion in terms of the “interchangebly” in revised manuscript (Line
308-315) as follows:

“This means that these two proxies can be used interchangeably for estimating climate changes
under certain conditions (Lawrence and Woodard, 2017). For example, in cases from the late
Pleistocene period (e.g. Lawrence and Woodard, 2017; Lee et al., 2021), despite the absolute
value differences between Mg/Ca- and alkenone-based SST, their variation characteristics
often show roughly the same patterns on orbital to glacial-interglacial scales. In such situations,
using either single proxy can yield the same conclusions about the SST variation characteristics
and forcing mechanisms in the study area, allowing them to be used interchangeably. However,
in our case, the SST records provided by the two proxies are different in both variations and
values, meaning that using either single proxy would lead to different conclusions regarding
temperature variation characteristics and controlling mechanisms, which means they cannot be
used interchangeably.”

Line 322: Replace “was” for “were”.
The relevant sections have been revised, and this issue no longer exists.
Line 325: Better explain. See also main comment above.

We have provided a more detailed explanation of the mechanisms involved at the end of this
paragraph (Line 354-356) as follows:

“We argue that the increasing trend in alkenone-based SST during this period, despite the
weakening of the NAC, reflected a diminished influence of polar cold air masses and the
westerlies in the cold season due to decreasing ice cover.”



Line 331: Replace “decreasing” for “increasing”
The relevant sections have been revised, and this issue no longer exists.
Lines 331-333: Better explain. See also main comment above.

We have provided a more detailed explanation of the mechanisms involved at the end of this
paragraph (Line 365-367) as follows:

“We propose that, aside from the influence of a weakened NAC, the significant decrease in
alkenone-based SST during this period was likely driven by mechanisms related to seasonal
sea ice development, such as the southward expansion of polar cold air masses coupled with
intensified westerly winds.”

Lines 343-346: Split sentence or shorten.

We have further polished this paragraph and the long sentence also be solved (First paragraph
of Section 4.4, Line 377-383).

Lines 347-358: I suggest condensing this paragraph.

This paragraph has been condesed in the revised manuscript from 226 words down to 160
words (Line 384-391).

Line 355: Please indicate a value for “slightly higher”

We have added ~1°C for this difference in the revised manuscript (Line 389). We also deleted
‘slightly,” as it is no longer appropriate in this context.

Lines 374-375. Please see main comments. The same mechanism is mentioned several times
but not explained once in detail.

The mechanism has been better explained in detail in the revised manuscript; see the previous
responses. For this specific section, we rearranged some sentences to make the explanation
clearer (Line 407-416) as follows:

“The expansion of the ice sheets enhanced the ice-related albedo effect, amplifying the
meridional temperature gradients and winds. Studies indicate a significant glacial southward
shift and intensification of northern hemisphere westerlies beginning from 2.7 Ma (Abell et al.,
2021; Naafs et al., 2012). From 2.6 Ma, an obvious southward reflection of the subarctic
(subpolar) front occurred during glacial times (Bolton et al., 2018; Hennissen et al., 2014). The
cold polar air and water masses, with intensified winds, periodically expanded towards the
mid-latitudes, obliquity paced by the ice sheet dynamics (Bolton et al., 2018; Hennissen et al.,
2014; Naafs et al., 2012). These processes contributed to severe cold temperatures at Site
U1313 during glacial periods (Bolton et al., 2018; Naafs et al., 2010). As a consequence, the
increased amplitude of temperature variations on the obliquity cycle overshadowed those of
the precession cycle, causing the precession cycle to vanish from spectral analysis results.
Therefore, obliquity transitioned from a secondary modulator of G. ruber white Mg/Ca-based
SST during the early Late Pliocene to becoming the primary determinant in the early
Pleistocene.”



