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Supplementary Text
Text 1: Deglaciation evolution over Sajama

The deglacial evolution of 6'80;., can also be compared with iTRACE on another
Andean ice core, Sajama (J), as shown in Fig. S3. Again, the model topography at Sajama (2631-
m) is much lower than the ice core (6540-m) in iTRACE. Similar to the comparison over
Huascaran (Fig. 1a-d), 6'%0, and §'80, in the lower atmosphere in iTRACE are dominated by
millennial variability reflecting the amount effect (Fig. S3c, d), but in the middle and upper
troposphere this changes and is dominated by an enrichment trend (Fig. S3a, b), reflecting the
temperature effect associated with deglacial warming. Meanwhile, the Sajama §80;, record
exhibits much stronger millennial variability than Huascaran §'®0;., and model §'®0, and
5180, over the Andes, and in the tropics in general. This §80;., behavior in Sajama is more
complex than that in Huascaran and is somewhat different from those in the tropics overall. This
can be caused, we hypothesize, by several reasons. First, Sajama is located on the margin of tropics
and, furthermore, over the Altiplano Plateau in a very dry environment, such that the §180;., may
be affected substantially by the sublimation process (88, 89). Second, Huascaran can be treated
simply like a “weather station tower” that passively records the mid-troposphere temperature,
because it is on an isolated mountain peak in the deep tropics with little perturbation on the
atmospheric circulation. In contrast, Sajama is located over the Altiplano Plateau, which could
exert a strong perturbation on the mid-level atmospheric circulation, such that the Sajama record
may contain significant regional response signal of the atmospheric circulation and remote

moisture changes, as studied previously for the central Andes (29-34).

Text 2: 5180 variability over Andes and the tropics

Deglacial climate-isotope variability over the tropical Andes is representative of the
tropics. This can be seen in the largely zonally uniform correlation cor < §80,, T > over the
globe at different levels (Fig. S4). The correlation in the tropics changes from negative (amount
effect) on the surface (o0 = 1) and lower atmosphere (o = 0.81, about 800 hPa or 3000-m) to
positive in the mid-troposphere (o = 0.5, about 500 hPa or 6000-m) and upper-troposphere (o =
0.3, about 300 hPa or 8000-m) over the entire tropics, except over Tibetan-Iran Plateau in the mid-

atmosphere.



The similarity between the §80,, variability over the Andes and that over the entire tropics
is consistent with the moisture sources mainly from the tropics in the atmospheric column over
Andes (22), which is further confirmed by our moisture tracking tagging experiments. Two water
tagging experiments are analyzed here for the LGM (20ka) and PI in the atmospheric component
model of iICESM1.3 (iCAMS.3) of nominal 2° resolutions. Each experiment is integrated for 40
years with the last 20 years of data analyzed. For each experiment, the model is forced by the
climatology of monthly SST, sea ice distribution and sea surface 6180 and 8§D extracted from the
iITRACE experiment, as well as the continental ice sheet, orbital parameters and GHG
concentrations just as in iTRACE. We tagged 25 regions over the globe, including 13 regions in
the ocean and 12 over the land (/8). The source contribution to moisture (dash) and heavy isotope
(solid) at each pressure level are shown for the Andean region (Fig. S5a) and the entire tropics
(Fig. S5b) at PI, with the distribution to isotope value shown in Fig. S5¢ and S5d, respectively. In
the mid- to upper- troposphere, the dominant contribution of both moisture (*°0,) and 6§80, are
from the tropical Atlantic Ocean for Andes (Fig. S5a, ¢) and are from tropical ocean for the tropics

overall (Fig. S5b, d). The contributions are similar at LGM (not shown).

Text 3: Surface isotope response

Near surface isotope response during deglaciation is determined by two factors, the
dynamic response associated with the amount effect and the sea water §180,, effect from the
meltwater. Globally, the negative cor < §80,, T > in the tropical lower atmosphere (Fig. S4c,
d) appears similar to that for precipitation cor < § 1801,,T > (Fig. S9b). This negative cor <
580, T > appears consistent with the negative correlation between §20,, and local precipitation
amount in the tropics (Fig. S9c¢) as in the amount effect. Physically, the deglacial surface warming
in the tropics leads to increased precipitation (Fig. S9d) and, in turn, negative § 180p and lower
atmosphere 6180, due to the amount effect. This is confirmed in the analysis of the responses to
individual forcing of greenhouse gases, orbital forcing and ice sheet, which also show regions of
negative cor < § 18OP, T > in the equatorial region (not shown). This negative relationship
between isotopes and temperature has been observed often in tropical Andes regions because high
temperatures and rainy season tend to coincide (90). However, this negative cor < & 18Op, T >is

also contributed by the change of sea water §180,,, during the deglaciation, as analyzed in the



response to meltwater forcing alone in iTRACE. During deglacial warming, meltwater injects
highly negative isotope 6180 from the continental ice sheet of -30 to -40%p into the ocean,
leading to the depletion of §180y,, of a magnitude of 1%o during the entire deglaciation associated
with the 100-m sea level rise (42). As the ultimate source, this depleted sea water §180,, directly
decrease the 6'%0, in the lower atmosphere and 680, in the tropics with a comparable
magnitude (not shown). Furthermore, this melting water induced depletion is of the same sign as
the warming induced depletion due to the amount effect, reinforcing each other. The combined
effects of climate forcing and 6180, leads to the wide-spread negative region of negative cor <
880,,T > in the tropics in iTRACE (Fig.S9b). It should be noted, however, that, in spite of its
large impact on the §80,, in the lower atmosphere, §180y,, does not exert a major impact on the
5180, response in the middle and upper troposphere, because the change of §180, in the upper
troposphere has a much greater amplitude than 1%o, as seen, for example, over Huascardn in model

and observations (Fig. 1a and b).

Text 4: 8D, response to ENSO

The vertical structure of 6D, can be first inferred from its interannual variability in
response to ENSO through the correlation between the Nino 3 index and monthly § D, at different
heights. In TES, the 6§ D,, response to ENSO changes its sign with height in the tropics, regionally,
from the surface (as in the amount effect) to middle and upper troposphere (as in the temperature
effect) in the tropics, notably in the central and western equatorial Pacific (Fig. S10a). This is
consistent with a previous analysis of Sutanto et al. (46), in which they only analyzed two levels
(1000 hPa and 500 hPa). A similar sign change of correlation with ENSO is also seen in the
1TRACE model (Fig. S10b) and HighRes model (not shown). This sign change is also consistent
with the correlation of IASI §D,,, which is available only above 700 hPa (Fig. S10c). It is also
worth noting that the response pattern to ENSO in IASI is more similar to iTRACE than TES,
implying some discrepancies/uncertainties between the two satellite measurements. Since the
atmospheric temperature response tends to be of the same sign in the troposphere column, this sign
change of ENSO response is consistent with a change of the sign of § D,, variability as shown in
Fig. 3. It should also be noted that the 5180, sign reversal is locally relative to the surface, which
is consistent with our RCE theory (Method 4), suggesting that the reversal is caused by local

convection.



Text 5: Temporal slope A6130,,/AT

Over Huascarén, the range of deglacial change of §80,, and temperature are about 7%o
and 7°C in the model (Fig. S7a, b), corresponding a temporal slope of A§80,/AT ~ 1%/ °C
(Fig. S7c, d), as seen in the difference between LGM and PI over the Andes. This temporal slope
value appears close to the spatial slope derived from present surface observations over Antarctica
(10), but this is, we believe, an accident. Indeed, the Antarctic spatial slope near the surface is
reduced by about 30% from that in the free atmosphere due to the strong inversion layer there. In
the free atmosphere, the spatial slope over Antarctica should be greater than the temporal slope in
general as shown in the Unified Slope Equations (76).

In the tropics, temperature and isotopes vary predominantly in the vertical direction. This
vertical spatial slope with elevation for §D,, can be inferred from the scatter plot of §D,, versus
temperature at different pressure levels for the satellite measurements of TES and ISAI. Both
spatial slopes are about 7%o/ °C (Fig. S15a). This is consistent with the spatial slope of iTRACE
at PI, and LGM (Fig. S15a), suggesting the model reproduces the spatial slope in agreement with
current observations, and the spatial slope does not change substantially at LGM.

For 6180, the vertical spatial slopes can also be calculated similarly from the scatter
diagram of §80,, and temperature in iTRACE PI and LGM while the deglacial temporal slope at
a specific level can be seen as the line connecting LGM and PI of the same level (neglecting the
120-m sea level change) (Fig. S15b). The spatial and temporal slopes appear to change
substantially in the free atmosphere below and above 450 hPa. From 700 hPa to 450 hPa (including
the level of Huascaran), the spatial slopes are 0.84%o/ °C and 1.34%o/ °C for PI and LGM
respectively, while the deglacial temporal slope averaged over these levels is 0.46%o/ °C; from
450 hPa to 100 hPa, the spatial slopes for PI and LGM are 1.27%o0/ °C and 1.36%o/ °C, while the
deglacial temporal slope averaged over these levels is 1.06%o/ °C. Therefore, across all levels in
the free atmosphere, the temporal slope is always smaller than the spatial slope. This is consistent
with the United Slope Equations derived from the Rayleigh theory (76) and our model tropical
process is close to Rayleigh (Fig. S14). Furthermore, all the slopes increases with height, which
can be understood as resulting from the colder temperature with elevation and in turn an increased
saturation moisture lapse rate following the Clausius—Clapeyron relationship (76, 97). This

increased temporal slope towards the upper troposphere has been seen in the tropics in their spatial



plot (Fig. 2b, Sé6c, d, S7c, d). Relatively to the lower atmosphere, nevertheless, spatial slopes are
close to the temporal slope above 450 hPa and remain almost with elevation. This feature, we

speculate, is caused by the strong mixing and entrainment/detrainment there.

Text 6: Huascaran temperature as a Goldilocks indicator for global mean temperature
change

Qualitatively, our iTRACE simulation demonstrates that the deglacial temperature change
at Huascaran is a good indicator of the temperature change not only in the tropical middle and
upper troposphere, but also in other atmospheric levels in the tropics and for the global mean. This
is evident in the similar temporal evolution pattern of temperature in different levels in the tropics
(dash) and the globe (solid) (Fig. S17a). The similarity becomes even clearer in the evolution of
these temperatures normalized by their respective magnitude (standard deviation) (Fig. S17b). The
similarity of the (normalized) tropical temperature evolution at different levels reflects the control
of the surface temperature on the tropospheric column through deep convection, while the
increased magnitude with height is caused by the response of the moisture atmospheric lapse rate
to GHGs forcing (6/). The similarity of tropical temperature to GMST, on the other hand, reflects
the proximity of the tropics to the node point of the interhemispheric bipolar see-saw of
temperature accompanying the changing Atlantic Meridional Overturning Circulation (AMOC).
This is more evident in Fig. S17c and d for the absolute and normalized surface temperature
changes in different latitude bands in comparison with GMST. It has been shown that the
weakening of AMOC in HS1 and YD causes a bipolar see-saw response with strong cooling and
warming in the Northern and Southern Hemisphere, respectively, but only a small impact in the
tropics. This bipolar see-saw temperature response is almost canceled in the global mean, leaving
muted millennial variability superimposed on a strong deglacial warming trend in GMST, similar
to the tropics. As a result, the temperature evolution in the tropical atmospheric column is highly
correlated with GMST (Fig. S17¢). This muted HS1 and YD events superimposed on the deglacial
warming trend in iTRACE is consistent with the reconstructions of global mean air temperature
(59) and SST (59, 62) (blue curve in Fig. 4b and c).

Furthermore, climate models show that the deglacial temperature change in the Huascaran
ice core could also serve as a quantitative indicator of the GMST change. We first examine this in

iTRACE. Indeed, the deglaciation temperature evolution in Fig. S17a already shows that the



tropical temperature change near the level of Huascaran (near 500 hPa, red dash) is of comparable
magnitude with that of the GMST evolution (black solid), while the tropical temperature change
above Huascaran (300 hPa, yellow dash) and below Huascaran (800 and 1000 hPa, blue and black
dash) has a magnitude greater and smaller than the GMST change, respectively. More clearly, Fig.
4a shows that the deglacial temperature changes are almost identical between the Huascaran site
and GMST. Fig. 4d shows the global distribution of the zonal-mean deviation (root-mean-square-
error) of the deglacial temperature evolution from GMST. The minimum deviation is confined in
the tropical mid-troposphere temperature around the latitude of Huascaran. This is consistent with
the temporal evolution of Huascaran temperature that almost parallels that of GMST in both the
pattern and magnitude (Fig. 4a). This feature of nearly equal temperature change of Huascaran
and GMST is a result of two characteristics of the deglacial global temperature response, which
can be illustrated from the LGM-PI difference. First, the magnitude of temperature change is
almost the same in the tropics and global mean at the mid-troposphere level (around 450 hPa).
This is evident in the vertical profiles of the iTRACE temperature responses of the tropical mean
and global mean, which intersect at about 450 hPa (Fig. S18a, red dot and solid). Second, in the
lower atmosphere (below 450 hPa to the surface), the magnitude of global mean temperature
response decreases very little, in contrast to the clear decrease of the tropical mean temperature
response (Fig. S18a, red solid and dot). These two response characteristics can be understood from
the different vertical profiles of the deglacial temperature responses between low and high
latitudes. As seen in the global zonal mean response, the LGM-PI cooling intensifies upward in
low latitudes from -4°C near the surface to -9°C at 200 hPa (contours in Fig. S6a, also Fig. S17a),
but intensifies downward at high latitudes from almost 0°C at 200 hPa to about 10°C at the surface
(Fig. S6a), leading to the well-known polar amplification near the surface, but a “tropical
amplification” in the upper troposphere. The upward increase of temperature response with height
in the tropics is a robust feature of the climate response to GHGs forcing due to the change of
moist atmospheric lapse rate (6/). In high latitudes, the downward increase of temperature
response towards the surface, and the resulting polar amplification near surface, are caused by
positive temperature feedbacks in high latitudes, notably the surface albedo feedback and the
dynamic amplifier that is caused by the poleward atmospheric heat transport (92). In particular, in
the glacial period, this positive feedback and, in turn, the polar surface cooling is amplified strongly

by the expansion of sea ice coverage and the associated albedo feedback. The opposite responses



of vertical temperature profiles between the low and high latitudes lead to a level of almost uniform
cooling (about -6 to -7°C) in the mid-troposphere around 450 hPa. Furthermore, below this level
towards the surface, the strong downward increase of the temperature response at high latitudes
tends to offset the downward decrease of temperature response at low latitudes, leaving little
vertical change in the global mean temperature in the lower atmosphere. Thus, the temperature
change in the tropical mid-troposphere, albeit greater than the surface temperature change locally
in the tropics, tends to be comparable with the GMST change.

The temperature responses discussed for iTRACE above are robust in the HighRes model
as well as in models of Paleoclimate Model Intercomparison Project (PMIP3 models:CCSM4,
GISS-E2-R, MRI-CGCM3, MIROC ESM; PMIP4 models: AWI-ESM, MIROC-ES2L, MPI-
ESM; an outlier [IPSL-CMSR-LR is not include) (64). In the vertical profiles of the LGM-PI
temperature difference, the magnitude of tropical cooling equals approximately that of the global
mean cooling at the level of around 450 hPa while the cooling magnitude does not change
substantially in the lower atmosphere for the global mean, as seen in individual models (Fig. S18a)
and their ensemble mean (Fig. S18b). As a result, the deviation (absolute value) between the
temperature response at each grid point in the atmospheric column and the GMST response tends
to exhibit a minimum region in the tropical mid-troposphere in most PMIP models, and in the
ensemble mean (Fig. S19).

We note that due to the change of ice sheet topography during deglaciation, the comparison
of near surface temperature changes at different times outside the tropics should remove the
elevation effect (93). There are several approaches to “remove” this elevation effect, which,
nevertheless, has little impact on the GMST response. The first approach is to extrapolate the
temperature to below the topography to 1000 hPa using a lapse rate 7.6°C/100hPa (93) as the
“virtual” temperature, as if there were no topography (No-Topo), and the global mean temperature
calculation will include these “virtual” temperatures. This No-Topo approach is used in Fig. 4,
S17, S18a, b and S19. The second approach is to use the LGM topography (LGM-Topo). Now,
the global mean air temperatures at different times are all calculated only for those grid points
above the LGM topography. This is done in Fig. S18c and d. In comparison with the approach of
No-Topo in Fig. S18a and b, this temperature change exhibits a slightly weaker cooling near the
surface in the global mean, because it does not take into account the stronger cooling below ice

sheets, mainly in Antarctica. A third approach is to use the realistic topography at each time (Real-



Topo), in which the global mean temperature at each level is calculated for those grid points above
the realistic topography at that time. The deglacial global mean temperature change thus produced

is also very close to the other two approaches (not shown).



Supplementary Figures
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Fig. S1: Model-data comparison over Andes. Seasonal cycle of surface temperature

(top row: °C), precipitation (mid row: mm/day) and 8180p (bottom row: permil) at
two GNIP stations in the Andean region (black) in comparison with the preindustrial
(PI) climatology of iTRACE (red) and HighRes (blue): (al-cl): Marcapomacocha
(76.3°W, 11.4°S), the elevation is 4400m at the real site, but 1128m and 4545m in
iTRACE and HighRes models, respectively; (a2-c2): Laica (68.1°W, 16.5°S), the
elevation is 3940m at the real site, but 2250m and 3863m in iTRACE and HighRes
models, respectively.
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Fig. S2: Global map of the correlation between surface §'80,, and
6180p during the last deglaciation in iTRACE: Correlation between the
surface vapor §'80, weighted by precipitation §'80,,, and the precipitation
) 180,, at each grid point. All correlations are made between 20 and 11ka after

creating 500-year running means. The correlation is similar for §180,, without the
weighting of precipitation.
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Fig. S3: Model-data comparison for the last deglaciation on Sajama. Time
series of ice core §180,., (grey, in permil) in the Sajama compared with the
iTRACE model (200-year running mean) vapor 8§80, (black, in permil) and
temperature (orange, in °C) at different altitudes (sigma-levels), and, additionally,
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surface (d). Also shown in (a,b) are the 80, (black star) and temperature (orange
star) in the HighRes iCAM model at LGM and PI, marked at 19.5ka and 11.5ka,
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Fig. S4: Correlation maps between 820, and temperature cor < §'80,, T > on different
levels during the last deglaciation in iTRACE. (a) Upper troposphere level o = 0.3; (b) mid-
troposphere level o = 0.5; (c) lower troposphere level o = 0.81; (d) surface level ¢ = 1.0. The
correlation is taken at the same grid point. Here, o is the sigma level such that ¢ = 1 at surface
and o = 0 at the top atmosphere. The altitude of the o level changes with bottom topography and
corresponds to approximately the pressure levels of 300, 500, 800 and 1000 hPa for ¢ =
0.3,0.5,0.8 and 1, respectively, over the global ocean. The correlation in the tropics changes
from negative (amount effect) on the surface to positive in the mid-atmosphere except over
Tibetan-Iran Plateau. All correlations are calculated for 20-11ka after creating 500-year running
means.
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Fig. S5: Contribution of moisture (01°) and §'80,, from different source regions to the
Andes and tropical region. Percentage contribution of OL° (solid lines) and 6§80, (dashed
lines) from different source regions at each pressure level over (a) the Andes and (b) the tropics
(20°S-20°N). Absolute contribution of 580, from each source region to the (c) Andes and (d)
tropical region. For the Andean region, the tagged source regions are divided into tropical
Atlantic Ocean (EQA), tropical Pacific Ocean (EQP), South America continent (SAM), and
other regions. For the tropics, the tagged source regions are divided into tropical ocean (EQ,),
northern subtropical ocean (NS)), southern subtropical ocean (SS,), northern polar ocean (NP,),
southern polar ocean (SP,), tropical and subtropical land (EQS,), northern polar land (NP,), and
southern polar land (SP)).
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Fig. S7: LGM-PI difference of model 5120, temperature, and d&'80,,/dT slope
along the Andes: LGM — PI difference of §'20, (shading, permil) and of the temperature
(contour, °C) in (a) iTRACE and b) HighRes model along the Andes, and the resulting
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with the real world Huascaran site also marked.
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Fig. S8: Response to Individual Forcing in iTRACE: Zonal mean temporal correlation between
5180, and temperature evolution during the last deglaciation (21-11ka) in response to different
forcings from the iTRACE sensitivity experiments: (a) meltwater forcing (WTR); (b) greenhouse
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Fig. S9: Surface correlation maps during the last deglaciation from iTRACE: (a)
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Fig. S11: Vertical profiles of 6180,, for PI and LGM. (a) Theoretical RCE solutions for a constant
temperature lapse rate of I' =6.4K/km, fractionation coefficient @ = 1.015, the reevaporation fraction
& = 0.65 and distance Az = 0 km, entrainment/detrainment rate e= § = 0.2km ™. The red line is for

the PI, with §'30,(0) = —14.0 permil, T = 289K. The black line is for the LGM, with §'0,(0) =
—13.4 permil, T= 284K. (b) 5180,, difference between LGM and PI of the two theoretical solutions in
(). (¢) 5180,, over the tropics iTRACE PI (black solid) and LGM (black dash) compared with the
theoretical solutions, in which the temperature lapse rate and temperature (in the calculation of water

vapor lapse rates y and y') are diagnosed from iTRACE model in the RCE model (of €, §, 4z and ¢ as
in (a)) at PI (red solid) and LGM (red dash), and in the Rayleigh model at PI (blue solid) and LGM (blue
dash). (d) § 1801, difference (LGM-PI) in iTRACE model (black) and the RCE model (red) and Rayleigh
model (blue dash) diagnosed using iTRACE temperature as presented in (c). (e) and (f) are the same as
(c) and (d) but for the Andes region. The LCL (lifting condensation level) are calculated using model
variables, and serves as the cloud base, above which the RCE and Rayleigh models are applied.
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Fig. S17: Evolution of air temperature anomaly (from the long term mean) in
iTRACE. (a) Annual mean air temperature anomaly (°C) at 1000, 800, 500 and 300 hPa
averaged in the tropics (20°S-20°N, dash) and for the globe (solid). (b) Same as (a) but each
temperature anomaly is normalized by its standard deviation. (c) Annual mean surface
(1000 hPa) air temperature anomaly (°C) in different latitude bands. (d) Same as (c) but
each temperature is normalized by its standard deviation. (e¢) Zonal mean correlation of
atmospheric temperature at each grid point against the global mean surface temperature
from 20ka to 11ka. In (c)-(e), the surface temperature under topography is calculated after
extrapolation to 1000 hPa using the dry lapse rate (No-TOPO). These figures show that
temperature evolution at Huascaran (approximately the 500 hPa tropical temperature in (a)
and (b)) resembles well that in the tropics at different levels as well as the global mean
temperature in the lower atmosphere.
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globe (solid) for iTRACE, HighRes, PMIP3 and PMIP4 models. (For clarify, PMIP2 are not
shown here, but shown in Fig.S19). (b) The ensemble mean (solid) and spread (shading) of the
vertical profiles across all the models in (a) for the tropical (red) and global (blue) mean. The
global mean temperature field is extrapolated below model topography to 1000 hPa using a dry
lapse rate of 10°C /100 hPa (No-Topo). (¢) and (d) are respectively the same as (a) and (b), but
for the temperature above the LGM topography only (LGM-Topo). The magnitude of
temperature change in the tropical mid-troposphere (as for the Huascaran ice core, grey dash),
although greater than below locally in the tropics, is about the same as that of the global mean
temperature change at this level and below. Thus, the Huascaran ice core also provides a good
quantitative indicator of global temperature change in the lower atmosphere.
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Fig. S19: Difference of LGM-PI temperature change from GMST change. Zonal
mean difference of the LGM-PI temperature response at each grid point from the GMST
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In most models, the Huascaran ice core site appears to occupy the Goldilocks position
of minimum deviation.
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