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Abstract The temporal and spatial slopes of water isotope-temperature relations are studied for the last
21,000 years over the middle and high latitudes using a series of snapshot simulations of global climate
and water isotopes in the isotope-enabled atmospheric model isoCAM3. Our model simulation suggests
that both the temporal slope and spatial slope remain largely stable throughout the last deglaciation.
Furthermore, the temporal slope can vary substantially across regions. Nevertheless, on average, and most
likely, the temporal slope is about 0.3‰ °C�1 and is about half of the spatial slope. Finally, the relation
between temporal and spatial slopes is understood using a semiempirical equation that is derived based
on both the Rayleigh distillation and a fixed spatial slope. The slope equation quantifies the Boyle’s
mechanism and suggests that the temporal slope is usually smaller than the spatial slope in the
extratropics mainly because of the polar amplification feature in global climate change, such that the
response in local temperature at middle and high latitudes is usually greater than that in the total
equivalent source temperature.

1. Introduction

Water stable isotopologues (hereafter isotope) in precipitation has been suggested to provide an
effective indicator of the surface air temperature (SAT) changes in the middle and high latitudes due to
the so-called temperature effect [Dansgaard, 1964]. Present-day observations in the middle and high
latitudes show a highly significant spatial correlation between the annual mean SAT and precipitation δ18O

(δ18O ¼
18O=16Oð Þsample

� 18O=16Oð ÞSMOW
18O=16Oð ÞSMOW

�103‰, SMOW=Standard Mean Ocean Water [Craig, 1961]) with a regres-

sion coefficient (spatial slope) of 0.69‰ °C�1 [Dansgaard, 1964]. This present-day spatial slope was then used
to infer the temporal evolution of temperature changes particularly for polar regions [e.g., Grootes et al., 1993]
as if it can serve as an analogue for temporal relationship (temporal slope). This inference requires two key
assumptions: the spatial slopes remain unchanged over time, and the value of the spatial slope is similar
to the temporal slope in the past.

The validity of the two assumptions above, however, has been challenged by other reconstructions
such as borehole paleothermometry [Cuffey et al., 1994, 1995; Johensen et al., 1995] and nitrogen iso-
topes [Buizert et al., 2014], as well as isotope-enabled numerical simulations [e.g., Liu et al., 2012]. For
example, borehole temperature reconstruction over Greenland showed a warming ∼ 23± 2°C from the
Last Glacial Maximum (LGM) to the present, inferring a temporal slope 0.35‰ °C�1, which is about
half of the present spatial slope [Cuffey et al., 1995; Jouzel et al., 1997]. A similar discrepancy also
exists in the Antarctica, for example, in the Vostok ice core [Salamatin et al., 1998], although later
work [Jouzel et al., 2003] indicates that the present-day spatial slope can be used as an analogue
of the temporal slope to interpret the temperature changes during the glacial-interglacial cycle at
the Vostok and European Project for Ice Coring in Antarctica (EPICA) Dome C sites within an error
of ~10%–30%.

The reduced temporal slope relative to the spatial slope has been examined in both observational and
modeling studies. Assuming a fixed spatial slope from the LGM to the Holocene and using a graphic
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technique, Boyle [1997] interpreted the reduced temporal slope of 0.35‰ °C�1 in terms of a ~5°C tropical
sea surface temperature (SST) cooling in the source region and a 1‰ global enrichment associated with
the reduction of ice volume. Hendricks et al. [2000] argues that the distillation effect is not dominant before
reaching the midlatitudes because of the large evaporative recharge occurring in the subtropics. They
indicate that the critical latitude between the evaporation-dominated zone and distillation zone is
about 45°S in the Southern Hemisphere. Several studies also show that the local source region has a non-
negligible contribution to the total amount of precipitation over Greenland [Werner et al., 2001; Sodemann
et al., 2008].

Atmospheric general circulation model (AGCM) simulations suggested that the change of precipitation sea-
sonality at the LGM can lead to a warmer LGM bias in the reconstructions of temperature than implied from
the spatial slope [Krinner et al., 1997; Werner et al., 2000]. Lee et al. [2008] argue that the change of precipita-
tion seasonality can only partly explain the difference between spatial and temporal slopes. They further sug-
gested that the evaporative recharge over the Southern Ocean can reduce the δ18O difference in water vapor
between LGM and present and, in turn, reduce the temporal slope near the edge of the sea ice (~60°S), and
this reduction effect weakens inland (also shown in Hendricks et al. [2000]).

Most past studies on the temporal and spatial slopes, especially those modeling studies, have focused on two
regions, Greenland and Antarctica, and two climate states: LGM and present. This has left several questions
wide open. First, has the temporal and spatial slope changed significantly over the deglaciation? Second,
what are the temporal slopes in other regions of the world? Finally, what is the mechanism that determines
the temporal slope in the middle and high latitudes regionally and globally? Here we will address these ques-
tions with a series of “time slice” experiments of water isotopes and climate of the last 21,000 years [Liu et al.,
2014] in an isotope-enabled AGCM isoCAM3 which incorporates fractionation associated with moisture
convection and cloud processes and surface evaporation [Noone and Sturm, 2010]. Our modeling study
shows that over the middle and high latitudes, the spatial slope has remained relatively stable in the last
21,000 years with a mean of ~ 0.6‰ °C�1, while the temporal slope can vary substantially among different
regions. However, overall, the temporal slope is about half of the spatial slope. Furthermore, a semiempirical
slope equation is developed based on Rayleigh distillation and a fixed spatial slope. The slope equation sets
the Boyle’s interpretation in a more quantitative framework. As such, the reduced temporal slope relative to
spatial slope can be interpreted, approximately, as caused by a greater change in local temperature than
source temperature or polar amplification.

The paper is arranged as follows. Section 2 will describe the observational data and model experiments and
compare the isotope-temperature relation between the data and model for present day. Section 3 will
describe the spatial and temporal isotope-temperature relationship in our simulations. Section 4 will discuss
the mechanism of the temporal slope in terms of a semiempirical equation for the ratio between temporal
and spatial slopes. Finally, in section 5, we summarize the results and further discuss the potential mechanism
that can affect the difference between temporal and spatial relationships.

2. Data and Model Experiments

We first discuss the model simulation climate and water isotope distribution of the present, in comparison
with observations. In this study, the spatial and temporal slopes are discussed mainly in terms of the annual
mean precipitation weighted oxygen isotope (hereafter δ18Ow) and the annual mean SAT (without precipita-
tion weighting). The observational data on water isotopes used in this study is from the Global Network of
Isotopes in Precipitation (GNIP) since 1961 for the stations where both the monthly mean isotope record
and meteorological data (i.e., temperature and precipitation) are available.

The model output is from 23 snapshot simulations of the last 22,000 years simulated using the isotope-
enabled atmospheric component model of the National Center for Atmospheric Research Community
Climate System Model version 3, isoCAM3 [Noone and Sturm, 2010; Liu et al., 2014] with the resolution of
T31 (which is the equivalent of a horizontal resolution of 3.75°× 3.75°). The 23 experiments are 1000 years
apart from each other, at 22 ka, 21 ka,…, 00 ka. Each experiment is forced by the realistic external forcing of
solar insolation, atmospheric greenhouse gases, and continental ice sheets, the same as for the Transient
simulation of Climate Evolution (TraCE) experiment in Liu et al. [2009], and, in addition, by a 50 year history

Journal of Geophysical Research: Atmospheres 10.1002/2016JD024955

GUAN ET AL. TEMPERATURE-WATER ISOTOPE RELATION 10,343



of interannually varying monthly sea surface temperature (SST) and sea ice cover from TRACE. Surface ocean
δ18O values are changed from 1.6‰ at LGM (22 ka) [Schrag et al., 1996] to 0.5‰ at present (0 ka) following the
sea level changes. The monthly mean of the last 30 years of each snapshot is used for analysis in this study.

The model largely reproduces the major features of the present-day isotope-temperature relationship. The
annual mean δ18Ow (Figure 1a) and annual mean SAT (Figure 1b) in the present (00 ka) experiment are
compared with the GNIP records at the same location. Qualitatively, the model results show better agree-
ment with the observation in the annual mean SAT (r2 is 0.81) than that of annual mean δ18Ow (r2 is 0.62).
For convenience of discussion, the GNIP observations are divided into nine groups according to the geo-
graphic location (Table 1), with each group marked by different colors in Figures 1a and 1b. The
model produces water isotopes too enriched in the North and Central America and too depleted in
South Africa and Antarctica (Figure 1a) compared with GNIP, yet it reproduces the spatial gradient of the
water isotope signals and SAT well. Quantitatively, the extratropical spatial slope in both hemispheres in
the 00 ka experiment is ~0.50‰ °C�1, similar to the spatial slope from the GNIP records (~0.54‰ °C�1)
(Figure 1c). For the northern extratropics, the spatial slope of GNIP records (~0.56‰ °C�1) is captured by
the model, while for the southern extratropics, the spatial slope in GNIP (~0.46‰ °C�1) is smaller than in
the model by ~0.15‰ °C�1. In addition, for interannual variability, the averaged temporal slope between
annual mean SAT and annual mean δ18Ow over Greenland in 00 ka experiment is ~0.31‰ °C�1, also
comparable with that from the contemporaneous observations there (North Greenland: ~0.28‰ °C�1 in
Shuman et al. [2001]). Overall, the isotope-temperature relation in the model is reasonably consistent with
the observation.

3. Spatial and
Temporal Slopes

Now we compare the temporal slope
during the deglaciation with the spatial
slope in the model. We will focus on
the extratropics, 40°N–90°N in the
Northern Hemisphere and 45°S–90°S
in the Southern Hemisphere, where
the isotope-temperature relationship is
dominated by the temperature effect.
Unlike in previous modeling studies,
we will examine the changes of the
temporal and spatial slopes from both
the regional and global perspectives.
Therefore, we will examine the temporal

Figure 1. Comparison between the present (00 ka) experiment and GNIP records at the same location. (a) The annual mean δ18Ow in 00 ka experiment against the
GNIP records; (b) the annual mean Ts in 00 ka experiment against the GNIP records; (c) spatial relationship over extratropical regions (40°N–90°N and 45°S–90°S)
between the annual mean SAT and annual mean δ18Ow (weighted by precipitation) in GNIP (blue) and 00 ka experiment (red). The modeled data are plotted as the
average of the values of the nine nearby grid boxes (the center grid box containing the data point and the eight surrounding grid boxes). The grey bars represent the
spatial standard deviation in the model. The spatial slope calculated with the model data is 0.51‰ °C�1, which is close to the GNIP result (0.54‰ °C�1).

Table 1. The GNIP Records Are Divided Into Nine Groups According to
Their Geographic Location, About Half of Which Are Available

Region Station Number (Available/All)

Africa 22/114
Antarctic 4/4
Asia 52/127
Chinaa 20/33
Europe 191/400
Greenlanda 6/7
North and Central America 49/108
Southwest Pacific 56/80
South America 64/171
Total 438/1004

aGroup China and Greenland are included in Asia and Europe,
respectively.
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and spatial slopes across the extratropics in both hemispheres. The extratropics is divided into 24 subregions
in each hemisphere as shown in Figure 2, with each subregion about 30° in longitude and 12–15° in latitude,
containing about 48 grid boxes.

First, in each subregion or averaged over each hemisphere, the spatial slope does not change substantially
from LGM (Northern Hemisphere (NH), 0.49‰ °C�1; Southern Hemisphere (SH), 0.50‰ °C�1) to the present
(NH, 0.55‰ °C�1; SH, 0.63‰ °C�1). This can be seen in Figure 3 (top and bottom) for the evolution of the
area-weighted spatial slopes averaged in the two hemispheres. The largest change occurs in the northern
polar region (67°N–90°N), with an increasing trend from ~0.5‰ °C�1 at LGM to 0.7‰ °C�1 at the present.
Over Greenland, the local spatial slope shows a small increasing trend from ~0.6‰ °C�1 at the LGM to
~0.8‰ °C�1 at the present.

Second, the temporal slope is usually smaller than the spatial slope. This can be seen in Figures 2c and 2d for
the extratropical Northern and Southern Hemispheres, respectively. In each hemisphere, the spatial slope can
be inferred from the relation between annual mean δ18Ow and SAT (00 ka experiment, in grey dots). (Note, as
discussed in Figure 3, that the spatial slope remains largely unchanged at other time slices.) The temporal
slope for each subregion is calculated as the regression coefficient between the area-weighted annual mean
δ18Ow and the annual mean SAT across the 23 snapshots and is plotted as a straight line with the slope as the
temporal slope. The length of each line represents the ranges of the δ18Ow (along x axis) and SAT (along y
axis) changes in the last 21,000 years in each subregion, with the right end point plotted at the δ18Ow and
SAT values of the 00 ka experiment. For example, for the N18 region, the line starts from its present-day
δ18Ow~�7‰ and SAT ~ 5°C (right/upmost point), with the minimum at the points of δ18Ow~�12‰ and
SAT~�10°C (at LGM), connected with an orange straight line of the temporal slope of ~0.32‰ °C�1. The
most striking feature in Figures 2c and 2d is that for most subregions, the temporal slope is positive and
the magnitude is smaller than the spatial slope. In the mean time, there are also substantial differences in
the temporal slopes, in particular, in a few regions north of Alaska (N01 and N02), where the temporal slope
becomes negative. These negative slopes appear to be caused by the topographic effect of the Cordilleran
ice sheet on the circulation [e.g., Lofverstrom et al., 2014] and in turn temperature and water isotopes, a point
to be returned to later.

As a further comparison of the spatial and temporal slopes, we plot the histogram of the spatial and temporal
slopes of all the subregions in the NH in Figures 4a and 4b, respectively. For both slopes, the robustness is
measured by the square of the correlation (R2), plotted as a dot on the left. Most of the spatial and temporal
slopes pass the 95% significance T test (R2> 0.10 for spatial slopes and R2> 0.17 for temporal slopes). A
comparison of the histograms of temporal and spatial slopes show clearly an overall smaller temporal slope.
The average spatial slope (with high explained variance R2> 0.36) are ~0.54‰ °C�1 in the Northern

Figure 2. Annual mean SAT-δ18Ow spatial relationship (grey) in the extratropics where the temperature effect is dominant (NH, left; SH, right) in the 00 ka experi-
ment. (a, b) The extratropics in each hemisphere is divided into 24 subregions, with each subregion about 30° in longitude and 12–15° in latitude. (c, d) Each line
represents the temporal regressions across the 23 snapshots between the area-averaged annual mean SAT and δ18Ow in one subregion. The length of each line
shows the regional-averaged annual mean SAT and δ18Ow changes from the LGM to present. The legend gives the temporal slope value of each region with its
corresponding color.
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Figure 3. The evolution of (left) the spatial slope and (right) the temporal slope for 24 subregions in (a) Northern and (b)
Southern Hemispheres. For a single experiment like 00 ka, the box shows the range from the 25th percentile to 75th
percentile. The bottom line represents the 10th percentile, and the top line represents the 90th percentile. The red dot
represents the mean value of spatial (area-weighted) or temporal slope.

Figure 4. The scatterplot and frequency statistics plot of (a) the spatial (red) and (b) temporal (blue) slope of extratropics in the Northern Hemisphere. The spatial
slope and the corresponding explained variance (R2) is calculated by each separated region’s (N1, N2, N3, … , N24) annual mean SAT and δ18Ow for all snapshots
simulations (The 95% significance level is 0.10). The temporal slope and the corresponding explained variance (R2) is calculated by annual mean SAT and δ18Ow of all
grids in each subregion (The 95% significance level is 0.17). The histogram plot is the frequency statistics for the slope whose R2 is larger than 0.36. The mean spatial
slope is 0.54‰ °C�1, slightly smaller than the present observation of 0.69‰ °C�1 [Dansgaard, 1964], and the average temporal slope is 0.29‰ °C�1, close to the
borehole estimation of 0.3‰ °C�1 [cp, 1995].
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Hemisphere. In contrast, the temporal slope is ~0.29‰ °C�1. The overall reduced temporal slope relative to
spatial slope during the entire deglaciation can also be seen in Figure 3 (top), where the time evolution of the
spatial slope can be compared with the temporal slope plotted on the right-hand side. Therefore, on average,
the temporal slope is about a half of the spatial slope in the model in the NH. This conclusion also holds for
the SH, as seen in the spatial and temporal slopes in Figures 5a and 5b, respectively, and the evolution of spa-
tial slope in Figure 3 (bottom).

It is interesting that the averaged model temporal slopes in both the NH and SH are almost identical to the
observed temporal slope over Greenland in terms of the borehole paleothermometry and Greenland ice
cores δ18Ow (0.30‰°C�1 [Cuffey et al., 1995; Johnsen et al., 1997]). In contrast, the model temporal slope
locally over Greenland is much suppressed (subregion N05 in Figure 2a) than in the ice core observations.
Similarly, the model temporal slope in the Antarctica, e.g., in EPICA Dome C (S11 in Figure 2b) is also
suppressed severely compared with the ice core observation [Jouzel et al., 2003]. The suppressed temporal
slopes on these sites are mainly caused by too weak responses of the water isotopes locally in some
ice core sites, which is likely caused by the poor simulation in the coarse resolution model for local
climate as well as its deficiency in the isotope module in the ice phase. The fact that the model is able
to reproduce the spatial slope as in the observation but fails to reproduce the temporal slope locally
on some ice core sites suggests that it is much more difficult to simulate the local temporal slope than
the large-scale spatial slope, perhaps due to the difficulty for our coarse resolution climate models in
capturing some local climate features and the lower model topography height (by about 1 km than the
observation over Greenland). Indeed, some models with higher resolutions seem to be able to simulate
the temporal slope locally over Greenland and Antarctica stations comparable with the observation
[e.g., Lee et al., 2008].

Although our model simulation is inconsistent with some ice core observations locally, it is still possible that
the overall temporal slope in the model in each hemisphere resembles that in the real world. If true, our
model simulation would still suggest a temporal slope about half of the spatial slope, averagely over each
hemisphere. Regardless of the model-data comparison, the reduced temporal slope relative to the spatial
slope over most regions is a robust feature in the isoCAM3. Notably, the reduced temporal slope is robust
to the changes of the seasonality of precipitation and its weighting to δ18Ow and SAT (Figure S2). First, we
have recalculated the slopes between the annual mean δ18Ow and the precipitation weighted SAT. The aver-
age spatial (NH, 0.65‰ °C�1; SH, 0.55‰ °C�1) and temporal (NH, 0.40‰ °C�1; SH, 0.32‰ °C�1) slopes both
increase slightly, and the temporal slope is still reduced by ~40% from the average spatial slope. Second, the
result remains little changed if we use the simple annualmean δ18Ow (no precipitationweighting) and the pre-
cipitationweighted SAT (as inWerner et al. [2000]). The average spatial slopes are 0.70‰ °C�1 and 0.55‰ °C�1

for the NH and SH, respectively, and the average temporal slopes are 0.35‰ °C�1 and 0.33‰ °C�1 for the NH
and SH, respectively. Third, we also have recalculated the slopes using the annual mean δ18Ow weighted by
theprecipitation seasonal cycle of the present day (00 ka experiment) for all the snapshots (so theprecipitation
seasonality weighting remains unchanged across all snapshots), while the SAT is still the simple annual mean.

Figure 5. The same plot as Figure 4 but for middle and high latitudes in the Southern Hemisphere. The average spatial and temporal slopes in the Southern
Hemisphere are 0.56‰ °C�1 and 0.29‰ °C�1, respectively.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD024955

GUAN ET AL. TEMPERATURE-WATER ISOTOPE RELATION 10,347



The average spatial slope is 0.54‰ °C�1 and 0.52‰ °C�1 in the NH and SH, respectively, while the temporal
slope is 0.32‰ °C�1 and 0.33‰ °C�1 for the NH and SH, respectively.

Finally, the model temporal slope also remains stable throughout the deglaciation, similar to the spatial slope
discussed in Figure 3. As a result, the temporal slope derived from the regression of the 23 deglaciation snap-
shots can be approximated reasonably well by that derived from the difference between two time slices only,
notably, LGMand thepresent. This canbe seen in Figure6,which compares the temporal slope fromthe regres-
sionof all the23 snapshots and that simply fromthedifferencebetweenLGM(22 ka) andpresent (00 ka) at each
model grid point in the Northern (Figure 6, left) and Southern (Figure 6, right) Hemispheres. The two different
temporal slopes show very similar spatial pattern with the spatial correlation between the two types of tem-
poral slopes as 0.76 and 0.98 for the Northern and Southern Hemisphere, respectively. The exceptions are
the scatters over the region of Greenland-Iceland-Nordic sea (GIN) (not shown), where the regressed temporal
slope is ~ 0.3 while the LGM-present temporal slope ranges from�2 to 0, reflecting perhaps the dramatic cli-
mate changes in the GIN region during the deglaciation, especially during abrupt climate change events of
Heinrich Statial 1, Bølling-Allerødwarming, and YoungerDryas. Overall, however, ourmodel supports previous
modeling works, which have all estimated the temporal slope using the LGM-present [e.g., Lee et al., 2008].

4. Mechanisms for the Temporal Slope

Boyle [1997] interpreted the smaller temporal slope than spatial slope between the LGM and the present as
caused by the changes in the vapor source temperature (SST) and global isotopic composition associated
with ice volume. Here we attempt to further understand the reduced temporal slope following Boyle’s
mechanism (1997) but using a more comprehensive and quantitative approach. We will maintain the two
major assumptions of Boyle’s. First, the spatial slope does not change substantially between the LGM and pre-
sent, a feature that has been confirmed in our model (Figure 3). Second, the water isotope is determined
mainly by the Rayleigh distillation process. In the Rayleigh distillation model [Dansgaard, 1964; Gat, 1996],
the condensation water isotope δ18Ow increases with the condensation temperature T (which is often treated
as local surface air temperature approximately (Using temperature above the inversion layer does not change
our conclusion significantly in the model)) but decreases with the vapor source temperature T0, the latter
being mostly SST in the tropics. Therefore, for a specific site of location x at time t, the water isotope change
can be related to the change of condensation temperature T(x, t) and source temperature T�0 x; tð Þ approxi-
mately linearly as [Jouzel et al., 1997]

δ18O x; tð Þ ¼ αT x; tð Þ � bT�0 x; tð Þ þ d� x; tð Þ: (1)

Here T, T�0, and δ18O denote the deviation from their reference values Tr, T0r, and δ18Or, the last being a func-
tion of the former two through the Rayleigh distillation relation. For our realistic climate application, where
the reference temperatures are roughly in the range of ~ 15� 25°C for source temperature (mostly tropical

Figure 6. Comparison between the temporal slope from the regression of all the 23 snapshots and that simply from the
LGM-present difference at each grid point in the extratropical (left) Northern Hemisphere and (right) Southern
Hemisphere. For both hemispheres, only the temporal slopes that pass the significance test are compared.
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SST) and � 30 to 0°C for site tempera-
ture (middle- and high-latitude air tem-
perature), Rayleigh distillation gives a≈
1.1‰ °C�1, b≈ 0.55‰ °C�1. The d*(x, t)
represents the contribution from the
processes other than Rayleigh distilla-
tion, such as the global isotopic compo-
sition [Boyle, 1997] and evaporation
recharge [Lee et al., 2008]. We now sepa-
rate T�0 and d* further into the spatially
varying part and the regional mean as
T�0 x; tð Þ ¼ T1 x; tð Þ þ T0 tð Þ and d*(x, t) =
d1(x, t) + d(t). The isotope equation can
therefore be rewritten as

δ18O x; tð Þ ¼ αST x; tð Þ � bT0 tð Þ þ d tð Þ; (2)

where, as in Boyle and as in our simulation (Figures 1 and 2), the spatial slope is assumed as αS≈ 0.6‰ °C�1

and remains unchanged with time, such that the spatial dependence can be combined together in a single
term αT(x, t)� bT1(x, t) + d1(x, t) = αST(x, t). To derive the temporal slope between, say, LGM and present, we
first derive from equation (2) the temporal change between two time slices, denoted by Δ, as

Δδ18O ¼ αSΔT � bΔT0 þ Δd:

Divided by the temperature change ΔT on both sides, the temporal slope can be related to the spatial slope
as

αT ≡
Δδ18O
ΔT

¼ αS 1� r
ΔT0 þ ΔTd

ΔT

� �

or equivalently in the slope ratio equation

αT
αS

¼ 1� r
ΔT0 þ ΔTd

ΔT
: (3)

Here r= b/αS. For convenience, the additional effect Δd has been rescaled as an equivalent source tempera-
ture change as

ΔTd ¼�Δd
rαS

≡�Δd
b

: (4)

From equation (3), it is clear that the temporal slope is smaller than the spatial slope if

0 < r
ΔT0 þ ΔTd

ΔT
< 1: (5)

Here

r ¼ b
αS

: (6)

Since Rayleighdistillation gives b≈ 0.55‰ °C�1, empiricallywehave the constant spatial slope αS≈ 0.6‰ °C�1.

We have semiempirically r ¼ b
αS
≈1,; therefore, the temporal slope will be smaller than the spatial slope as

long as the local temperature change is larger than the total (equivalent) source temperature change.
Since the source temperature is dominated by the SST at lower latitudes, the larger local temperature
response in the middle and high latitudes corresponds to, roughly, the “polar amplification” response.
This polar amplification response can be seen clearly in our model between LGM and present, in the zonal
mean annual cooling in SAT and SST (Figure 7). Tropical SST cools by about 2°C, with the maximum SST cool-
ing less than 6°C and 4°C in the NH and SH, respectively (blue solid). The ice volume effect is equivalent to a
global enrichment of Δd≈ 1.1‰ [Duplessy et al., 2002] and in turn an equivalent source temperature cooling
of about ΔTd≈ 2°C according to equation (4). This gives a total equivalent source temperature change ΔT0

Figure 7. Zonal mean annual cooling of SAT (red solid) and SST (blue
solid) between LGM and present. The dash blue line shows the total
equivalent source temperature cooling by adding the ice volume effect.
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+ ΔTd of about 4°C–7°C (blue dash). In contrast, the SAT cools much more in the extratropics poleward of
40°, more than 8°C and 6°C in the NH and SH, respectively, and can reach over 12°C and 16°C in the NH
and SH polar regions. Given that the source is likely dominated by the tropical ocean where the SST change
is the smallest, it is obvious that the local temperature change can easily reach twice that of the total equivalent
source temperature cooling, leading to a temporal slope about half of the spatial slope, as seen in Figures 2–5.
These model SST change and SAT change are largely consistent with the reconstructions [e.g., Annan and
Hargreaves, 2013]. Therefore, equation (3) may also be applied to the real world, inferring an overall reduction
of temporal slope to about half of the spatial slope in the observation.

The slope ratio equation (3) provides a semiempirical relation for estimating the temporal slope from the
responses of the total equivalent source temperature, the local temperature, and the given spatial slope.
This equation reflects basically the Boyle mechanism and has employed the major assumptions: Rayleigh dis-
tillation and a fixed spatial slope. Compared with the graphic technique of Boyle, however, equation (3) gives
a more comprehensive and quantitative representation of the temporal slope, a point to be returned to later
regarding Figure 10. It states explicitly that the reduced temporal slope from the spatial slope is the result of
the greater change in local temperature than in the (equivalent) source temperature or tropical SST or,
approximately, the polar amplification. Since polar amplification is generally a robust characteristic of global
climate change, the reduced temporal slope than spatial slope should be generally valid in the real world.

The slope ratio equation (3) can also be used to help understanding the temporal slopes in different regions.
First, it should be pointed out that equation (3) can be considered applicable to regional responses, such as a
subregion in Figure 2 if the spatial mean ΔT0 and Δd are considered as averaged for the subregion and
therefore may differ across different regions. One implicit limitation, however, is that the exact region for
source temperature is unknown for different subregions without additional Lagrangian tracking analysis or
sensitivity experiments. Nevertheless, we can test equation (3) with reasonable guesses of the source tem-
peratures in two approaches, a forward approach and a backward approach.

We first test the slope ratio equation (3) in the forward approach by comparing the model temporal/spatial
slope ratio against the theoretical value using (3) for four choices of source temperature changes in the
range of possible source temperature changes. Figure 8 (left and right) show the temporal/spatial slope ratio
in the model (y axis) against the theoretical value in equation (3) (x axis) for the 48 subregions in the NH
(Figure 2a) and SH (Figure 2b), respectively. The ratios are marked in grey, blue, red, and orange for
ΔT0 = 0°C, � 2°C, � 4°C, and � 6°C, respectively. Therefore, each dot is shifted from right to left from
grey, to blue, red, and finally orange. Here for simplicity, we have used r = 1 and a typical spatial slope
αS=0.6‰ °C�1, and the result remains similar if the local αS and the corresponding r are used (not shown).
A global enrichment of ΔTd= 2°C is also prescribed for all the cases. It is seen that with the possible source
temperature changes, most of the ratios fall into the first quadrant, suggesting a robust estimation of the

Figure 8. Forward testing of equation (3) by comparing the temporal/spatial slope ratio in the model against the
theoretical estimation using equation (3) for all the subregions in the (left) Northern and (right) Southern Hemisphere.
The grey, blue, red, and orange markers represent the estimation using a hypothetical source temperature change of
ΔT0 = 0°C,� 2°C,� 4°C, and� 6°C in equation (3), respectively. Here we use a fixed spatial slope which is 0.6‰ °C�1, and
the equivalent source temperature cooling caused by ice volume effect is about 2°C.
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positive temporal slope of the same sign in the theory (x axis) and model (y axis). Furthermore, many model
ratio points are clustered round 0.5, reflecting most regions with a temporal slope about half of the spatial
slope as shown in Figures 4 and 5. For some source temperature changes, especially ΔTd=� 2°C, many
ratio points are close to the diagonal line, suggesting a good estimation of the value of the temporal slope
using (3). This includes a few points of negative temporal slope (in the third quadrant.) This reflects the small
temperature change relative to the source temperature change. For example, as pointed out in Figure 2, in
Alaska N01 and N02 regions, the surface temperature exhibits only a slight cooling at the LGM because of
the warm air advection steered by the topographic effect of the Cordilleran Ice Sheet [e.g., Lofverstrom et al.,
2014]. A too small local cooling, according to equation (3), will lead to a negative temporal slope, because
the source temperature change cannot be smaller than the tropical SST change (plus the ice volume effect).
In this forward testing, the exact source temperature change is unknown for each region. Yet the good predic-
tion of temporal slope for most regions within reasonable range of source temperature changes suggests that
equation (3) is reasonably valid.

We now test the slope ratio equation (3) in the backward approach. Now we assume that equation (3) pre-
dicts the model temporal slope/spatial slope ratio for each region perfectly (Figures 4 and 5) and then solve
for the required source temperature to see if the source temperature distribution is reasonable. Figures 9a
and 9b show the source temperature distributions for the NH and SH, respectively. It is seen that over most
subregions in between 40 and 65°, the source temperature change is small, of�1°C to�2°C, implying mainly
a source of tropics, as seen from the temperature changes in Figure 7. Further poleward, the source tempera-
ture change increases, implying the increased contribution locally from the extratropical SST. Figure 9c
further shows the histogram of the required ΔT0. It shows that the most likely ΔT0 are in the range of �2°C
to �8°C, consistent with the SST change (Figure 7). In particular, ΔT0 =� 2°C is the dominant contribution.
This implies, from the temperature change in Figure 7, that the dominant source region lies in the tropics,
consistent with our knowledge of the dominant contribution of tropical evaporation to the global hydrology.
There are also a small number of regions where the required ΔT0 is beyond the model SST change. This can
be attributed to the inaccuracy of equation (3) as well as themissing effects such as evaporation recharge and
land recycling. In our model, however, unlike in Lee et al. [2008], the evaporation recharge effect is not signif-
icant (not shown). Overall, the backward test also suggests that equation (3) gives a reasonable prediction of
the temporal slope. Therefore, the slope ratio equation provides a useful tool for understanding temporal
slopes in the model and in the real world.

5. Conclusion

In this study, we investigate the temporal and spatial slopes during the last 21,000 years over the middle and
high latitudes by analyzing a series of snapshot simulations of global climate and water isotopes in isoCAM3
with the focus on the three questions raised in section 1. First, our model simulation suggests that both the
temporal slope and spatial slope remain largely stable through the last deglaciation. Second, the temporal
slope can vary substantially across regions. Nevertheless, on average, and most likely, the temporal slope is
around 0.3‰ °C�1, which is about half of the spatial slope. Finally, the temporal slope can be understood

Figure 9. Backward testing of equation (3) by estimating the source temperature cooling at the LGM required by equation (3). (a) Northern Hemisphere, (b) Southern
Hemisphere, and (c) the histogram of estimated source temperature cooling.
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using a semiempirical and semianalyti-
cal slope ratio equation (3), which is
based on a fixed spatial slope and
Rayleigh distillation. The slope equation
provides a quantitative framework for
the Boyle’s mechanism. The slope equa-
tion suggests that because the change
in local temperature in the middle and
high latitudes is usually greater than
that of the total equivalent source tem-
perature, predominantly tropical SST,
the temporal slope is usually smaller
than the spatial slope in the model
and, likely, also in the real world.

The quantification of the slope equation
on Boyle mechanism can be illustrated
schematically in Figure 10. Boyle
showed a schematic diagram [Boyle,
1997, Figure 2] with the x axis for site
temperature T and y axes for water iso-
tope δ18Ow. There is one key uncertainty
that is not discussed in his illustration: it
is the scale of the source temperature
change ΔT0 as projected onto the x axis
that is scaled for site temperature T.
Without a quantitative scale in the shift
in ΔT0, one cannot estimate the tem-
poral slope quantitatively, even for a
given site temperature change ΔT.

With no justification, Boyle seemed to have plotted the ΔT0 in about the same scale as in T, allowing him
to estimate the temporal slope schematically. Our slope equation (2) or (3) suggests that the scale of ΔT0

should be projected onto the T axis with the scale factor (6) of r= b/αS as b
αS

� �
ΔT0. As discussed regarding

equation (6), semiempirically, using Rayleigh distillation and observed spatial slope, the scale factor is about

1. Therefore, the shift due to source temperature b
αS

� �
ΔT0 is approximately the same as the source tempera-

ture change itself ΔT0. This provides a justification for Boyle’s plot and a more quantitative way to estimate
the temporal slope. If the change of local temperature is larger than the source temperature change (mainly,
tropical SST), as in general true for middle and high latitudes as the polar amplification response, the tem-
poral slope will be reduced from the spatial slope (purple lines, Figure 10). If the local temperature change
happens to be comparable with the source temperature in a uniform response, the temporal slope will be
further reduced to zero (blue lines, Figure 10). If, furthermore, local temperature change is smaller than the
source temperature change or a tropical amplification, the temporal slope becomes negative (green lines,
Figure 10). A further enrichment by other processes, such as ice volume and evaporative recharge, ΔTd> 0,
will always favor a reduced temporal slope.

It should be noted that the slope equation (3) assumes a constant spatial slope with time. This assumption is
well satisfied in most regions in the extratropics in our iCAM3 simulations, as shown in Figure S3. But, in the
small polar region, our model seems to show an increasing trend of spatial slope (increasing from 0.5 at LGM
to 0.7‰ °C�1 at the present in the Arctic). This change of spatial slope, which can be impacted by local season-
ality of precipitation, cloud properties [Jouzel and Merlivat, 1984], and the slope of Rayleigh distillation [Kindler
et al., 2014], may also have an impact on the estimation of the temporal slope locally over those regions.

Our work has several limitations. First, our slope equation is far from a full understanding of the slope pro-
blem. Indeed, our slope equation only provides a diagnostic relationship between the spatial and temporal

Figure 10. Schematic figure showing how the slope equation quantifies
the Boyle mechanism. The spatial slope is assumed unchanged at LGM
and 0 ka (black lines). On this figure, the abscissa is the site temperature,
the equivalent cooling induced by a colder source temperature is rΔT0
(red dash), which approximately equals the source temperature change
ΔT0 because Rayleigh distillation and empirical spatial slope give b/αs ≈ 1.
If we take the source temperature as the tropical SST, a polar amplification
ΔT>ΔT0 then leads to a reduced temporal slope relative to the spatial
slope (purple line), a uniform response ΔT =ΔT0 corresponds to a zero
temporal slope (blue line), and a tropical amplification ΔT<ΔT0 results in
a negative temporal slope (green). The change of site temperature is
marked by dashed lines of the corresponding color at the bottom. For
simplicity, the figure assumes ΔTd = 0. An additional enrichment ΔTd> 0
by other processes such as the ice volume effect and evaporative
recharge will always favor a reduced temporal slope (not shown).
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slopes. A full understanding of the spatial and temporal slopes would require a solution of both the spatial
and temporal slopes explicitly. Nevertheless, our slope equation can be used as a useful first step toward a
quantitative understanding of the water isotope slopes.

Second, one major limitation of our work is the deficient model simulation of the deglaciation δ18O evolution
locally over Greenland andAntarctica as comparedwith ice core reconstructions. Thismay be attributed partly
to ourmodel physics. Locally overGreenland, a comparison of themodel andGNIP observations (station Thule,
Groennedal, Nord, Danmarkshavn, Scoresbysund, Prins Christians sund, and Godthab, Figure S1) shows that
the model is able to simulate the seasonal cycle of temperature and precipitation δ18Ow consistent with the
observation, all peaking in the summer, although the annual mean temperature tends to be colder and the
δ18Ow tends to be more depleted in the model. However, precipitation is less well simulated. Notably, in
the two stations that show a winter peak in precipitation (Nord and Danmarkshavn, Figure S1), the model
precipitation peak is shifted to the autumn. This model deficiency may be caused, partly, by the coarse
resolution model here. For one thing, our model Greenland topography is biased shallower than in the
observations by about 1 km, which could affect water isotopes via the so-called altitude effect. The model
water isotope module may also have uncertainties, especially in the cloud ice phase. These model deficien-
cies can be caused by the deficiencies in model physics, water isotopes, and the coarse resolution. Clearly,
improved models are needed in the future for further understanding of the spatial and temporal slopes. At
this stage, nevertheless, we believe that our model results are relevant to the real world in general, because
our model is able to simulate many major features of the present-day climate and water isotopes over most
regions [e.g., Wen et al., 2016], including the spatial slope and some interannual temporal slopes. The slope
ratio equation (3) therefore provides a potentially useful tool to understand and assess the temporal slopes
in climate models and the real world in the future.
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