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What controls the variability in annually averaged 
precipitation weighted δ18Op today?

Variability in δ18Op is mainly determined by changes in the isotopic composition 
of the condensing vapor (i.e., changes in the pathway and past history of vapor 

that is condensing) and not the amount of precipitation. Why? 

Precipitation is regional and depends on water vapor convergence, 
but water vapor is distributed globally by winds 

r2 (δ18Op , Precip) ≈  0 – 0.3 r2 (δ18Op , δ18O) ≈  0.6 – 0.9

~ 55 stations with > 15 years of data

(calculations 
done in 2011)
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Climate models w/ water isotopes can inform climate history 
and processes

1. Where do water isotopes inform on in situ 
local climate?

2. How have they been used to inform water 
cycle history and processes? Examples
– Heinrich events & Dansgaard-Oeshcger (D-O) 

cycles and the South Asian monsoon
– Precession Cycles & Monsoon dynamics

David S. Battisti
University of Washington



Heinrich events , D-O cycles and the China Caves 
• During the last Ice Age, episodic large abrupt changes in the sea ice 

extent in the Nordic Seas due to: 
– Heinrich events (abrupt discharges of ice and freshwater into the N. Atlantic) 
– Warm phases of Dansgaard-Oeshcger (D-O) cycles  (abrupt reduction in sea 

ice in the N. Atlantic)

• These events are registered in δ18O of Chinese Stalagmites
– More sea ice ßà heavier δ18O

Wang et al 2001

Hulu

Greenland
GISP2

Interpretation? 
heavier δ18O = in situ  drying ? 



What happens when you increase sea ice extent in the N. 
Atlantic in a climate model?

Annual 
Temp 

change 

Annual 
Precip
change

Pausata et al 2011
Cave Sites in China and Tibet

Large decrease in 
temperature & in 
the strength of the 
southeast Asian 
monsoon



An abrupt increase in 
sea ice causes an abrupt 

increase in d18Op
consistent with the proxy 
data with no change in 
the precipitation over 

China. How? 

Change in 
precip

weighted 
d18O

Pausata et al 2011

Reduced fractionation due to a weaker Indian monsoon in colder climate

Nb: Water isotopes in Greenland ice cores and Nordic Sea sediment cores 
contributed greatly to the leading theory for Dansgaard-Oeshcger cycles

What happens when you increase sea ice extent in the N. 
Atlantic in a climate model?



Precessional Forcing of Speleothem d18Oc

Change in d18Oc are 3-4 ‰  or so on precessional time scales

Kesang

Sanbao

Cheng et al 2013Age  uncertainty +/- 3K at 300Kyr BP

30N

For reference, year-to-year variability in is less than 1 ‰



Summary: Amplitude of Precessional swings in Stalagmite  
d18Oc in caves from Arabia to China

6000 km 

Isotopic Excursion (‰)

Hoti

Kesang Sanbao

Soreq

Peqiin

A large-scale pattern of large changes in d18Oc! How?

Tianmen

Caves
Peqiin
Soreq
Hoti

Kesang
Tianmen
Sanbao

Refs: Bar-Matthews et al 2003; Fleitmann et al 2003; Cai et al 2010, 2012; Wang et al 2008

Difference between high and low NH summer (JJA) Insolation



Wang et al 2008

Change in d18Oc
are 3 to 4 ‰ on 

orbital time 
scales

Wang et al 2008

Insolation at 
30N (JJA)

Insolation at 
65N (July 21)

Precessional Cycles

207kyr (Low)

218kyr (High)



Experiments with ECHAM4.6

• ECHAM Atmospheric GCM
– T42 horizontal resolution (2.8°)
– Coupled to a slab ocean with SST adjusted to ~ modern day values when forced by modern day 

insolation, greenhouse gases and boundary conditions
• q-flux added slab to mimic modern day ocean ocean heat transport and adjust for biases in surface energy flux 

– Isotope module included 

• Two core Experiments
– 218K insolation (High)
– 207K insolation (Low)
– Modern day geometry, orography & greenhouse gas concentration

Battisti et al: Coherent pan-Asian climatic and isotopic response to orbital forcing of tropical insolation. JGR Atmospheres 2014



High minus Low NH summer insolation

• Not surprisingly, the simulated NH climate in the “Low 
Forcing” at 207kyr BP is similar to the modern climate

The change in forcing

W
/m

2



For “high” summer insolation
• Heavy rainfall from the Sahel to Arabia to Northern India
• Less over SE Asia
• More over China (~40%)
• Green Sahara?
• Collapse of Atlantic ITCZ/Trades (supported by N15 in sediment)

Change in Precipitation and 850 hPa Winds 
JJA (218 minus 207 kyr)

mm/day

Battisti et al 2014



Change in Precipitation weighted d18O

S H
D

-4 to -7 ‰ change

P, S
H

• The model produces precessional changes of 5 to 7 ‰ 
over the eastern Tibetan plateau

– Mainly due changes in the d18O of imported vapor due to non-local 
changes in climate in summer

• 3 to 4 ‰ change over Arabia and N. India
– Due to change in summer vapor transport and local  amount effect

T

K

Battisti et al 2014



Change in Precipitation weighted d18O

S H
D
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H
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A closer Look

• The model produces precessional changes of 5 to 7 ‰ 
over the eastern Tibetan plateau

– Mainly due changes in the d18O of imported vapor due to non-local 
changes in climate in summer

• 3 to 4 ‰ change over Arabia and N. India
– Due to change in summer vapor transport and local  amount effect Battisti et al 2014



Change in Precipitation weighted d18O

218  Minus 207

Annual Precip +38 %

Summer 
precip

+77 %

Winter precip -24 %

Precip wt d18O -5.5 ‰

summer only -4.8 ‰

winter only -0.6 ‰

d18O only -5.5 ‰

precip only +0.26 ‰

More precip, but …
Lighter d18Op is mainly due to lighter vapor imported to Tibet

Tibet 
(26-32N, 85-95E)

Battisti et al 2014



Net Summer Radiation at the Top of the Atmosphere

• With sufficiently high 
summer insolation, there 
is a fundamental transition 
to entirely different 
climate state!

207 kyr BP (like today) 218 kyr

Battisti et al 2014
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Figure 13. The net radiation at the top of the atmosphere for June–August from the (left) 218 kyr and (right) 207 kbp
simulations; also shown is the observed net radiation from CERES (2001–2012). Contour interval is 25 W m−2; the bold
(dashed) line is the zero (−25 W m−2) contour. Positive values indicate an energy gain by the atmosphere.

experiment (see Figure 13); a similar result was found by Braconnot et al. [2008] in their 126 kbp experiment
(which features an increase of 62.2 W m−2 in net-absorbed summer insolation compared to present day).

The only major difference between the simulated !18Op and observed !18Oc that is difficult to reconcile is
in east central China, where the simulated orbital signal is ∼ 1‰ but the observed change is ∼ 3.8‰. We
ruled out model resolution as an explanation for the weak model response, by repeating the two core exper-
iments (207 kbp and 218 kbp) at higher resolution (T106, ∼ 120 km). All of the insolation-forced changes
in climate and isotopic composition discussed in our paper are reproduced using the high-resolution
experiments. We revisit the discrepancy between simulated and observed !18Op in eastern China
in section 5.4.

The dominant local insolation signal in the tropical records we have focused on suggests that !18Op in these
regions is relatively insensitive to the presence of the ice sheets or to glacial-interglacial swings in the con-
centration of atmospheric carbon dioxide. To evaluate this in the model, we reran the core experiments
with high (218 kbp) and low (207 kbp) insolation, only replacing the modern-day boundary conditions with
(i) the Last Glacial Maximum (LGM) continental geometry and orography, including the ice sheets (ICE5G
reconstruction, [Peltier, 2004]), (ii) 200 ppm CO2, and (iii) with both LGM orography and 200 ppm CO2. In all
three cases, the response to insolation forcing extremes in the tropics and subtropics was virtually identi-
cal to results presented in this paper, which used modern-day geometry and 360 ppm CO2. These results
will be presented elsewhere (G. H. Roe et al., The response of Asian summertime climate to the largest geo-
logic forcing of the past 50 Ma, manuscript in preparation, 2014), as they are useful for interpreting the
climatological significance of isotopic records from the tropics and extratropics during the Pleistocene.

5. Discussion
5.1. Comparison With Other Model Results
5.1.1. Precipitation
The pattern of changes in !18Op and precipitation in our experiments differs from those seen in the pioneer-
ing experiments of the impact of the insolation forcing on the monsoons by Prell and Kutzbach [1987], Prell
and Kutzbach [1992], and Jouzel et al. [2000], particularly throughout southeastern and eastern Asia and over
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218 minus 207 kbp

Precipitation  is centered over 
maximum Θeà over oceans in low 
NH summer insolation (e.g., today) 

The new view of monsoons: its about near surface energy, not temperature 

Precipitation is centered over land 
in high insolation (a textbook 

monsoon)

* MSE and  Θe are functionally equivalent

(Privé and Plumb 2007; Boos and Kwang 2010, Bordoni and Schneider 2010; Molnar et al 2010; Geen et al 2019) 

Battisti et al 2014
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Precessional Cycle in South America: 
Precip weighted δ18O

‰ per mil

+3
-4

+2

218 kbp minus 207 kbp• The model also reproduces 
the precessional signals in 
speleothems across South 
America
– heavier δ18Op in Andes & SE 

Brazil due to reduced 
summer (light δ18O) 
precipitation and more 
winter (heavy δ18Op) 
precipitation

– Lighter  δ18Op in far eastern 
Brazil due to more intense 
precipitation (“the amount 
effect”)

Liu and Battisti 2015



Journal of Geophysical Research: Atmospheres 10.1002/2015JD024370

Figure 3. Climate differences due to insolation differences between 218 kyr B.P. and 207 kyr B.P.: (a) JJA near-surface
air temperatures; (b) JJA precipitation and the 850 mbar winds from the 218 kyr B.P. experiment; (c) annual-mean
P-weighted !18O (see equation (1)).

The stylized surface boundary conditions shown in Figure 2 are consistent with our approach to deliberately
span a broad range of conditions that Asia may have experienced since the Indian-Eurasian plate collision.
Of course, the above list of geologic factors affecting Asia’s climate is not exhaustive, and other potentially
important influences will be discussed later in the paper.

3.1. Orbital Configuration
Battisti et al. [2014] discussed these two experiments in detail. In response to the higher insolation at 218 kyr
B.P. relative to 207 kyr B.P., calculated JJA temperatures increase substantially over the Northern Hemisphere
continents, exceeding 8∘C in places (Figure 3a). The higher JJA insolation also extends into the Southern
Hemisphere, raising continental temperatures (during SH winter) there. The SST differences are muted com-
pared to land temperatures. Because of the thermal inertia of the ocean mixed layer, the seasonal cycle in SST
is in quadrature with that of the insolation, and the springtime insolation intensities at 218 kyr B.P. and 207 kyr
B.P. are in fact quite similar. Therefore, the summertime SSTs are similar in the two experiments.

The striking exception to the overall land warming is a zone of 3 to 5∘C cooling extending across the Sahel,
Arabia, and India, for 218 kyr B.P. As demonstrated by Rupper et al. [2009] and Battisti et al. [2014], enhanced
insolation drives a stronger monsoon in these regions, producing both more clouds (that reflect solar radi-
ation back to space) and more evaporation (a surface cooling), both of which lead to lower temperatures
(e.g., also Kutzbach and Otto-Bliesner [1982], Rupper et al. [2009], and Marzin and Braconnot [2009]) and indeed,
it is consistent with the observed cooling over India after the monsoon onset in the modern seasonal cycle.
This cooling is one of the few instances we are aware of where the response of the atmospheric circulation is
strong enough to overcome the tendency of the direct radiative forcing.

The stronger monsoon across the Sahel, Arabia, and India, for 218 kyr B.P. is evident in the precipitation field
(Figure 3b). Rainfall on the southern flank of the Himalaya for 218 kyr B.P. exceeds that for 207 kyr B.P. by
6 mm d− 1, and therefore is approximately 50% greater. Over Arabia, the enhancement of about 4 mm d− 1

is a 400% increase, and the energetics and dynamics of the monsoon are fundamentally reorganized there
[Battisti et al., 2014]. For 218 kyr B.P. low-level westerly winds over Africa (Figure 3b) bring much of the water
vapor in the Horn of Africa and Arabia from the Atlantic. These winds differ from those of today (Figure 1b)
when northerly winds transport little moisture to these regions. The increase of precipitation in the Sahel and
Arabia is a direct result of intense solar heating driving local maxima in moist static energy over which deep
convection becomes organized (see section 4 and Battisti et al. [2014]). Precipitation also increases, but less
dramatically, over much of eastern China, due to increases in moist static energy associated with the increase
in temperatures (see section 4).
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Figure 4. Climate differences due to doubling CO2 from 360 ppmv to 720 ppmv. Plotting conventions are as in Figure 3,
except that 850 mbar winds in Figure 4b are from the 720 ppmv experiment.

At 218 kyr B.P., the overall pattern of circulation at low levels over the Indian Ocean and southern Asia, reflected
in the 850 mbar winds (Figure 3b), is quite similar to the modern (Figure 1b), with a strong cross-equatorial
flow in the Somali jet and surface westerlies across much of India. The large reductions in precipitation west
of Sumatra and east of Vietnam are colocated with climatological maxima in the ECHAM model (Figure 1d).
These precipitation maxima are not seen in observations (Figure 1b), however, and so the model patterns in
these regions should not be taken too seriously; they are associated with relatively small differences in the
circulation that can nonetheless cause quite large differences in the moisture flux convergence.

!18OP is strongly depleted over Tibet (−6‰) and southeast China (−2‰). Battisti et al. [2014] demonstrate that
this depletion is due to water vapor sourced from the Indian ocean that has experienced enhanced precipi-
tation over the Indian subcontinent. Wherever the surviving vapor subsequently precipitates, it contributes
to a depleted !18OP signal. Finally, Battisti et al. [2014] show that the strong depletion over Arabia is a direct
response to stronger local precipitation [Fleitmann et al., 2011].

3.2. Atmospheric Carbon Dioxide
A doubling of carbon dioxide from 360 ppmv to 720 ppmv produces a relatively uniform JJA warming of about
2∘C over the oceans, increasing to about 5∘C over midlatitude continents (Figure 4a). An exception is over
India, where a slightly enhanced monsoon (0 to 2 mm d −1, Figure 4b) provides a cooling tendency via the
same mechanism articulated in the previous subsection. The result is almost no JJA temperature difference.

Generally, gradients in the thermal forcing of the atmosphere cause the largest differences in circulation,
and consequently, in the convergence and divergence of the flow. However, the overall pattern of forcing
associated with CO2 differences is quite uniform in both space and time. Because of this, the differences in
atmospheric circulation and precipitation are relatively small (Figure 4b) and, therefore, the !18OP response is
also fairly uniform: an enrichment of 1 to 2‰ over land (Figure 4c), consistent with increased specific humidity
(not shown) and thus less Rayleigh fractionation over a warmer continent [e.g., Tindall and Haywood, 2015].

3.3. Glacial Lower Boundary Conditions
Inserting the LGM ice sheets and sea level into the ECHAM model produces a general JJA cooling over the
Asian continent that is strongest in northern Europe near the ice sheet margin but relatively muted and patchy
elsewhere (Figure 5a) and which, for the most part, is not statistically significant. The absence of a strong
response to glacial boundary conditions, in either JJA temperature or precipitation (Figure 5b), reflects basic
atmospheric dynamics: the relatively weak summertime midlatitude circulation (compared to wintertime)
means that the local radiation balance dominates over advection in setting the climatic response. In essence,
summertime Asia does not particularly notice the physical presence of the vast ice sheets over Fenoscandia
and North America. Of course it should be emphasized that, as we saw in the previous section, the CO2 effects
of an ice age are felt over Asia, particularly in JJA temperature (Figure 4a).
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Figure 5. Climate differences due to imposing the ice sheets and sea level of the LGM. Plotting conventions are as in
Figure 3, except that 850 mbar winds in Figure 5b are from the LGM ice sheet experiment. The coastline is the z = 0
contour from the ICE-5G reconstruction [Peltier, 2004], which differs from the coastline in the other figures (particularly
in southeast Asian and the maritime continent).

Figure 5a also shows that ECHAM simulates a cooling in southeast Asia where land replaces water
(cf. Figures 2a and 2b), consistent with a dark ocean being replaced by brighter land. Lowered sea levels also
lead to a strong drying (exceeding 5 mm d−1 in places) in the region that extends from the Malay peninsula
to the island of Borneo (Figure 5b), which demonstrates the acute sensitivity of the pattern of tropical pre-
cipitation to small differences in the pattern of surface temperature and circulation. However, the modeled
precipitation differences should be interpreted with caution, since they occur near a precipitation maximum
in the model climatology that is not seen in the observations (cf. Figures 1b and 1d).

Differences in !18OP (Figure 5c) shows a strong depletion over the cold, high ice sheet, but elsewhere differ-
ences are small (<2‰) and generally follow differences in regional temperatures, with lower temperatures
associated with greater depletion of 18O.

3.4. Displacement of Indian Plate
The Himalaya South experiment possesses several notable features that are expressed best using both its
model climatology (Figure 6) and differences from the control experiment (Figure 7). In the figures, both the
modern and altered coastlines are contoured. One striking aspect of the Himalaya South climatology is the
high summertime temperatures peaking at 45∘C (Figure 6a), concomitant with extremely low precipitation
(Figure 7b), in the region currently occupied by the Tibetan plateau, central India, and the Bay of Bengal. These
fierce desert conditions are more extensive and more intense than any place on Earth in the modern climate
(modern Arabia peaks at about 38∘C in the summer mean, Australia, and the Sahara peak at about 36∘C).
Such a climate results from the combination of intense solar heating at subtropical latitudes together with the
region’s extreme isolation from moisture sources that would otherwise provide the twin buffering effects of

Figure 6. Climatology of the Himalaya South experiment: (a) JJA near-surface air temperatures, which peak at 45∘C in
the regions from which the Tibetan plateau has been removed; (b) JJA precipitation, and 850 mbar wind vectors.
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Figure 2. Surface topography for the various experiments shown at model resolution. (a) Control: modern topography;
(b) LGM boundary conditions: LGM ice sheets plus sea level differences (shown on an expanded domain); (c) Himalaya
South: stylized Indian geometry for ∼50 Ma, retaining topography of the modern Himalaya; (d) Paratethys: same as
Himalaya South but with a stylized Paratethys Sea added; (e) Flat South: coastline as in Himalaya South but Himalaya
removed; (f ) Mega-Tibet: coastline as in Himalaya South but interior plateau retained; (g) Greater Paratethys, as in
Figure 2d but with Paratethys extending to the Atlantic.

metrics [e.g., Sperber et al., 2013]. It is worth bearing in mind that models rarely replicate magnitudes of local-
ized precipitation maxima within uncertainties. In the vicinity of such maxima, even a small fractional change
can show up as a large absolute precipitation change, so one should be careful to not overinterpret such
differences in the model runs.

A variety of geologic materials (e.g., soils, cave stalagmites, fossilized teeth, etc.) have been analyzed to recover
the !18O of the water they incorporated during their formation. For some of these materials, and in particular,
for stalagmites, the time for formation and the mixing of the relevant waters means that variations in the !18O
can be interpreted as proxies for variations in the annual-mean, precipitation-weighted !18O of the precipi-
tation (≡ !18OP). Of course this interpretation requires an additional assumption that there are no significant
changes in the fractionation processes during the formation of the proxy record. Also, it is important to note
that some carbonate materials (e.g., soils) subsample the seasonal cycle in precipitation and so likely do not
reflect annual-mean conditions.

If P(t) and !18O(t) are the annual cycles in precipitation and oxygen isotopes, we can write

!18OP =
∫ P(t)!18O(t)dt

∫ P(t)dt
, (1)

where the integral is taken over the annual cycle. Differences in !18OP are thus weighted by the seasonal cycle
in precipitation and so are predominantly associated with summertime differences throughout Asia [Dayem
et al., 2010; Battisti et al., 2014].

3. Five Idealized Experiments

We compare the impact of each of five separate factors that have influenced Asia’s climate over the last 50 Ma.
Obviously, these are not intended as simulations of an actual climate state. Rather, they are stylized experi-
ments to evaluate the pattern and magnitude of the climate response to each factor in turn. Our approach
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Figure 7. Climate differences between the Himalaya South experiment and the control experiment. Plotting conventions
are as in Figure 3, except that 850 mbar winds in Figure 7b are from the Himalaya South experiment.

reflective clouds and surface evaporation [e.g., Rupper et al., 2009]. In the next section we show that the pres-
ence of a Paratethys Sea acts to ameliorate these extreme conditions. The climate of the southward displaced
Himalayas is also characterized by cool JJA temperatures at elevation and an upwind orographic precipi-
tation peak (Figures 6a and 6b). To the southwest of the displaced Himalayas a weak double-band pattern
can be seen in the fields shown in Figures 6a, 6b, 7a, and 7b. This is a Gibbs phenomenon—a few hundred
meters of topography exists as an artifact of the spectral truncation of the sharp topographic front intro-
duced into the GCM [e.g., Holzer, 1996], and therefore, these precipitation bands should be ignored. Although
there are clearly big differences in local climate and strong orographic influences, the overall structure of the
continental-scale circulation remains recognizably monsoonal, with a cross-equatorial low-level circulation in
the Arabian Sea, convergence and precipitation over Southeast Asia, and upper level divergence (albeit with
a center shifted to the east, section 4). Our results are consistent with recent studies simulating more realistic
Eocene conditions and new paleoclimate data [Huber and Goldner, 2012; Licht et al., 2014] and which find a
modern-like Asian monsoon back to 40 Ma.

Turning to the difference plots, the largest differences in JJA near-surface temperatures (Figure 7a) can be
clearly linked to elevation, with higher temperatures over lowered terrain, and the inverse; and to land-sea
distribution where a higher land albedo leads to cooling over the displaced Indian continent. In this latter case,
a warming might be expected, given the lower heat capacity of the land compared to the ocean it replaces.
The displaced continent, however, straddles the equator, where the seasonality of insolation is weak.

Precipitation for the Himalaya South experiment (Figure 7b) has several modes of response: precipitation is
reduced where the displaced Indian continent replaces ocean. Replacing ocean with land reduces moisture,
temperature, and low-level moist static energy (Figures 9b and 9f); precipitation is increased where westerlies
impinge on the slopes of the displaced Himalayas; and precipitation is strongly reduced in the lee of the
displaced Himalayas and throughout the region of modern India and Tibet. The effect of the isolation of the
continental interior from moisture sources on precipitation trumps the effects of lower surface elevations and
warmer temperatures.

Over regions where the modern Tibetan plateau was removed, !18OP is enriched because the vapor from
which precipitation forms is less depleted once the orography is removed (Figure 7c). !18OP is strongly
depleted over the highest elevations of the displaced Himalaya because 18O has continually been removed
by condensation of water vapor that then falls as intense precipitation on the steep slopes to the southwest
Finally, enhanced precipitation and the amount effect lead to a negative !18OP signal over Arabia.

It is remarkable that despite such a large rearrangement of the continental geometry, climate impacts are
small outside of the regions of the current Tibetan Plateau and of the displaced Indian continent. The most
prominent is a slightly cooler, rainier, and more!18OP depleted Arabia (Figures 7a–7c), associated with modest
circulation differences (Figure 7b). Overall, however, the climate differences are localized to places where the
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Figure 2. Surface topography for the various experiments shown at model resolution. (a) Control: modern topography;
(b) LGM boundary conditions: LGM ice sheets plus sea level differences (shown on an expanded domain); (c) Himalaya
South: stylized Indian geometry for ∼50 Ma, retaining topography of the modern Himalaya; (d) Paratethys: same as
Himalaya South but with a stylized Paratethys Sea added; (e) Flat South: coastline as in Himalaya South but Himalaya
removed; (f ) Mega-Tibet: coastline as in Himalaya South but interior plateau retained; (g) Greater Paratethys, as in
Figure 2d but with Paratethys extending to the Atlantic.
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ized precipitation maxima within uncertainties. In the vicinity of such maxima, even a small fractional change
can show up as a large absolute precipitation change, so one should be careful to not overinterpret such
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for stalagmites, the time for formation and the mixing of the relevant waters means that variations in the !18O
can be interpreted as proxies for variations in the annual-mean, precipitation-weighted !18O of the precipi-
tation (≡ !18OP). Of course this interpretation requires an additional assumption that there are no significant
changes in the fractionation processes during the formation of the proxy record. Also, it is important to note
that some carbonate materials (e.g., soils) subsample the seasonal cycle in precipitation and so likely do not
reflect annual-mean conditions.

If P(t) and !18O(t) are the annual cycles in precipitation and oxygen isotopes, we can write

!18OP =
∫ P(t)!18O(t)dt

∫ P(t)dt
, (1)

where the integral is taken over the annual cycle. Differences in !18OP are thus weighted by the seasonal cycle
in precipitation and so are predominantly associated with summertime differences throughout Asia [Dayem
et al., 2010; Battisti et al., 2014].

3. Five Idealized Experiments

We compare the impact of each of five separate factors that have influenced Asia’s climate over the last 50 Ma.
Obviously, these are not intended as simulations of an actual climate state. Rather, they are stylized experi-
ments to evaluate the pattern and magnitude of the climate response to each factor in turn. Our approach
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Figure 8. Climate differences between the Paratethys experiment and the Himalaya South experiment. Plotting
conventions are as in Figure 3, except that 850 mbar winds in Figure 8b are from the Paratethys experiment. The extent
of the idealized Paratethys is indicated by the grey box.

Figure 9. (a) Observed JJA moist static energy from NCEP reanalysis, h, at 20 mbar above the surface. Remaining panels
are the same field, taken from our ECHAM model experiments: (b) control; (c) 218 BP insolation; (d) LGM ice sheets and
sea level; (e) 720 ppmv CO2; (f ) South Himalaya; and (g) South Himalaya plus Paratethys.
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3. Additional applications of water isotopes in climate 

• Not promising 
– Paleothermometry

• Promising 
– ENSO in the past: need sub-annual coral records 

and vastly improved coupled atmosphere-ocean 
models (which are isotopically enabled)

• E.g., models with good modern ENSOs show ENSO is 
reduced in the mid-Holocene by 20-40% (see references 
in Roberts et al 2014). 



4. Future challenges/advances

• Better understanding of processes important for 
setting mid- and upper- tropospheric water vapor 
distribution (climate sensitivity)

• Better quantification of re-evaporation of falling 
rain (relative humidity)

• Better understanding of the relationship between 
soil moisture, evapotranspiration and surface 
shortwave radiation in summertime (changing 
temperature extremes)



Summary
• Water isotopes (δ18O) rarely inform on local climate conditions

– Precipitation is local; water vapor is distributed by winds. Hence, changes in 
fractionation in precipitation centers are registered downwind and on continental 
scales via vapor transport. 

– Hence, you can only safely interpret isotope records with a climate model and, 
collectively, the records can be used to inform on climate processes

• Models show that Heinrich events, D-O cycles and precessional changes in 
insolation affect the location and intensity of the Asian monsoon and thus 
the isotopic composition of the vapor that condenses and precipitates 
throughout central Asia and over China
– For each of these phenomenon, there is good agreement between modelled 

precipitation weighted δ18O and that recorded in stalagmites through the globe. 
This gives support to the new ideas on monsoon dynamics and is strong support 
for the leading theory of D-O cycles.


