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Abstract

The isotopic composition of paleoprecipitation is widely used as a proxy
data for temperature and precipitation. In order to investigate the validity
of these transfer functions for water isotopes, oxygen 18 and deuterium, we
installed a water isotope model into the ECHAM Atmospheric General Cir-
culation Model (AGCM). Such an isotope model calculates all fractionations
between the stable water isotopes in the hydrological cycle of the AGCM. We
ran the model under present day conditions and under the boundary condi-
tions of the Last Glacial Maximum (LGM) for four years each.

On a global scale the model satisfactorily reproduces the main features
of the water isotopes in the hydrological cycle (temperature effect, amount
effect). The analysis focusses on the Asian monsoon area where atmospheric
circulation strongly affects the seasonal cycle of water isotopes in precipitation.
The model successfully simulates the influence of circulation, temperature and
precipitation amount in this region under present day conditions.

Under LGM conditions the model shows a weakened summer monsoon
causing a strong positive isotope signal over East Asia although the continent
is about 2—4°C cooler than today. This result underlines the difficulties to use
the isotopic composition of paleoprecipitation simply as a measure of tempera-
ture. Furthermore, it demonstrates the importance of circulation changes and
of changing moisture sources for the interpretation of a given isotope signal.
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1 Introduction

Since the landmark paper of Dansgaard 1964 (Dansgaard 1964), the use of the stable
water isotopes 1H2 18Oand 1HZH 16Ohas been established in paleoclimatology stud-
ies. These isotopes are heavier and less diffusive than “normal” water 1H2 16Oand
therefore undergo fractionation processes during any phase transition. Within the
global water cycle the liquid or solid phase is enriched in heavier isotopes and the
vapour phase correspondingly depleted. The degree of enrichment (depletion) is
described by the fractionation coefficient a. The temperature dependence of oz has
been measured very exactly in the laboratory (Majoube 1971); A colder tempera-
ture during a phase transition leads to a stronger isotope fractionation. The isotopic
composition of water is usually expressed as deviations in permill from the Vienna
standard RSMOW 1 (SMOW=Standard Mean Ocean Water):

R5111 f6 =fl—1 1
RSMOVV ( )

Discussing the isotope data of rain and snow sampled by the recently established
network of the International Atomic Energy Agency (I.A.E.A.) Dansgaard demon—
strated the usefulness of 18O and 2H (deuterium) as a proxy data for temperature
and precipitation. Basically two effects influence the isotopic composition of precip-
itation: the temperature effect and the amount effect.

In the temperature range below 15°C there exists a linear relationship between the
6 value of precipitation and the surface temperature at the precipitation site. This
temperature effect may be interpreted by means of a simple two—phase condensa-
tion model. Vapour with a prescribed temperature dependent isotopic composition
is brought to isothermal or isobaric condensation. Under the assumption of an open
(“Rayleigh”) system the condensate is removed immediately after formation with-
out any further isotopic exchange with vapour. During the condensation process the
vapour and subsequently the liquid gets more and more depleted. The model por—
trays the global water cycle in simplified terms: evaporation at warm temperatures
in the tropics and subtropics, transport to high latitudes and condensation. The 6
value of precipitation 6P is proportional to the degree of rainout, i.e. 6p ~ f5"1 with
f z E151 (2), q(t] as the current mixing ratio of water vapour, qW- as the mixing ratio
at the evaporation site and 07 as a mean fractionation coefficient. It is worth to men-
tion that the strength of the rainout f and not the temperature dependence of the
fractionation coefficient is the leading mechanism responsible for the temperature
effect.

The second important effect analyzed by Dansgaard in the I.A.E.A. data is the
amount effect i.e., a linear relationship between the amount of precipitation and
the 6 value observed mainly in convectively very active regions. In particular the
precipitation captured on tropical islands or at monsoon related stations shows a
strongly depleted isotope signal in the rainy season and an only slightly depleted
signal in the dry season. Dansgaard proposed three mechanisms to explain the
amount effect. The first argument again is based on the “Rayleigh model”. A vapour

1The 2% isotope concentration of SMOW is RgMow = 2005.20 * 10‘6



mass lifted up within a strong convective event rains out almost completely (small f
in (2)). The rain formed from such a vapour mass is only slightly fractionated at the
beginning of a convective shower and gets lighter at the end when the rainout process
finishes. The only difference to the temperature effect is that the air mass is moved
vertically instead of being transported horizontally to high latitudes. The strength
of the convective activity may be influenced by the position of the InterTropical
Convergence Zone (ITCZ) or is orographically forced but is nearly independent of
the surface temperature. Indeed, the 6 — temperature relation breaks down above
15°C, where the 6 — precipitation relation dominates. An additional second and
third process concern raindrops below the cloud base. The isotopic exchange of
falling drops with surrounding vapour and the evaporative enrichment of such drops
is most pronounced for light rains and strongly reduced for heavy showers. Both
mechanisms amplify the amount effect,

Fortunately, the isotopic composition of paleoprecipitation can be deduced from
a variety of recorders like the shells of land snails (Goodfriend 1991) and of fresh
water molluscs (Covich and Stuiver 1974), the inorganic carbonate sediments of
fresh water lakes (Stuiver 1970, Eicher and Siegenthaler 1976, Gasse et al. 1991),
paleowaters (Sonntag et al. 1978), fluid inclusions in speleothems (Harmon and
Schwarz 1981, Harmon et al. 1981), the tree ring cellulose of ancient trees (Yapp
and Epstein 1977, Lipp et al. 1991, Becker et al. 1991), tropical corals (Cole and
Fairbanks 1990, Fairbanks and Matthews 1978) and ice cores of glaciers (Grootes
et al. 1989, Thompson et al. 1989) and of the large Greenlandian (Johnsen et al.
1992) and Antarctic (Lorius et al. 1985) ice sheets. These proxy data are covering
different episodes of earth history and have different time resolution up to annual
layers, e.g. corals and ice cores.

But, although the explanation for the two dominating effects, temperature and
amount effect, is widely accepted, the interpretation of a reconstructed 6 - value
of paleoprecipitation in terms of temperature— or precipitation changes is still un-
der debate. Fundamentally different climate conditions possibly prevailing during
the Last Glacial Maximum (LCM) could create completely different pathways of
moisture masses from their formation to their precipitation site. Thereby these air
masses experience a different rainout history which ends in a different isotope signal
in precipitation. These variations are not completely explained by local tempera—
ture or precipitation changes. The scatter in the present day 6 —temperature relation
(Fig.3b) is about 10% of the entire variability and is mainly caused by the variabil—
ity of atmospheric circulation. (Cole et al. 1993) point out that this scatter partly
exceeds the observed change of the 6 value between holocene and LGM. In order
to obtain insight into the structure and the importance of such circulation changes
for the isotope signal a new approach to this problem has recently been under—
taken by incorporating the water isotopes in General Circulation Models (GCM’S)
(Joussaume et al. 1984, Jouzel et al. 1987, Hoffmann and Heimann 1993). These
threedimensional models take into account the mixing of air masses and changes
in moisture pathways as mentioned above, the conditions at the evaporation site
(temperature,m0isture) and at the condensation site (cloud internal temperatures,
liquid cloud water) as well. Also, the reevaporation and the isotopic exchange of rain
droplets with surrounding vapour, which could not be considered in simple Rayleigh



models, is included in the isotope part of a GCM’s water cycle.
We present here the results of our water isotope model which is embedded into the

ECHAM3 GCM, the climate model developed at the Max-Planck-Institut für Me-
teorologie. We ran the model under present day and LGM boundary conditions as
prescribed by the Paleo Modelling Intercomparison Project (PMIP) (WMO 1993).
Our analysis focusses on the Asian monsoon regions; India, Southeastern Asia and
China. Here, the strong seasonal circulation changes from the rainy summer mon—
soon to the dry winter monsoon and the complex spatial distribution of temper-
ature dominated and precipitation amount dominated isotope signals represents a
real challenge to water isotope models. Further, previous studies with GCM’S have
shown that the monsoon circulation is strongly affected by changing paleoclimatic
boundary conditions (Kutzbach and Guetter 1986, Prell and Kutzbach 1987, Rind
1987). A colder Asian continent during the LGM reduces the temperature gradient
from land to the Indian ocean in summer and amplifies this gradient in winter. This
weakens the southwestern summer monsoon and intensifies the northeastern winter
monsoon. We try to clarify the consequences for the isotopic signals resulting from
such a paleo scenario.

In Chapter 1 we briefly introduce our water isotope model. For more details see
(Hoffmann 1995). In Chapter 2 we describe the performed numerical experiments.
Chapter 3 contains the assessment of simulated isotope results by comparing the
annual mean and the seasonal cycle with observations of the I.A.E.A.. The changes
in the atmospheric circulation in the Asian monsoon region under LGM conditions
and their consequences for the water isotopes are described in Chapter 4.

The Model

The ECHAM3 model is the Cycle 3 version of the atmospheric GCM at the Max—
Planck—Institut fiir Meteorologie in Hamburg. It is based on the weather forecast
model of the European Center for Medium-Range Weather Forecasts (ECMWF).
The resolution of the spectral model used in these experiments is the T42 resolution
which corresponds on the physical grid to a 2.8 ° * 2.8 ° resolution. The transport of
moisture, liquid cloud water and their corresponding isotope fields is calculated by a
semi—Lagrangian transport scheme. There are two types of clouds simulated in the
model: Large scale clouds and convective clouds. Large scale clouds form typically
during gentle ascent in extratropical cyclones and have an extent of several hundred
kilometers, whereas convective clouds develop mainly in the tropics from nearly ver—
tical ascent caused by moist adiabatic instability. Their extent is several kilometers.
The model takes into account a subgrid scale cloud cover in every grid box and
allows the calculation of cloud internal quantities like temperature and humidity,
which differ from the cloud free part. Convective clouds are described by a massflux
scheme. For a more complete description of the GCM see (Modellbetreuungsgruppe
1992).

Fig.1 shows the most important processes Within the global water isotope cycle.
The first fractionation in the cycle takes place during the evaporation from the
ocean and depends upon relative humidity, wind velocity and temperature. The



ocean is assumed to be isotopically uniform (RSMOW) with a slight evaporative
enrichment in the upper most layer (about 0.5°,[7o for 1H2 180). The description of
the non-equilibrium (kinetic) effects at the ocean surface determining the global
relation of oxygen 18 and deuterium is taken from (Merlivat and Jouzel 1979).
Condensation in clouds is treated in two different ways: as an open system or as a
closed system (Dansgaard 1964). Snow forms isotopically in an open system, which
assumes isotopic equlibrium only between the fraction of snow just formed and the
surrounding vapoura Afterwards this fraction is removed directly from the system
and does not interact further with the vapour. This is justified by the extrem low
diffusity of water isotopes in snow and ice Condensation of droplets is treated as a
closed system i.e., within one timestep the formed droplets are in isotopic equilibrium
with the vapour in the cloud. The non- equilibrium effect during the sublimation of
snow caused by the oversaturation in the vicinity of ice crystals has been adapted
from (Jouzel and Merlivat 1984, Jouzel et ale 1987). Also, reevaporation of falling
droplets below the cloud base and isotopic exchange of these droplets, which both
result in an enrichment of rain, have been considered according to (Stewart 1975).
The surface scheme of ECHAM comprises three different water reservoirs: a thin skin
layer which corresponds to water remaining at the surface after a shower, the surface
soil wetness and the snow. It has been shown that evapotranspiration of plants
at least in the steady state does not fractionate water isotopes: the groundwater
signal is preserved during its flux through the stem and the stomata to the air
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Figure 1: Scheme of the water isotope cycle in the ECHAM model.



(Zimmerman et al. 1967, White 1989). Because evapotranspiration is the dominating
evaporative flux from land nearly all over the world no fractionation is included in
the evaporation from the three surface water reservoirs. The calculation of surface
runoff of the isotopes parallel to “normal” water closes the isotopic water cycle.

2 The Experiments
The control run was started in the 18’th month of a previous control run simulation
and is subsequently integrated over 5% years. We used climatological Sea Surface
Temperatures (SST) as lower boundary condition. The atmosphere was initialized
with a uniform 6 value in vapour and in cloud liquid water (for 18O : öwpandöclw =
—80 2/30). The surface water reservoirs were initialized according to the observed
global 6 - temperature relation ( 6180: 0.69 °‚[‚°T -13 °/‚°). After about 2-3 months
the system has already reached isotopic equilibrium. The results presented here are
based on the last 5 years of the control run.

For the LGM simulation, we took the sea surface temperatures reconstructed by
the CLIMAP group (CLIMAP:81 1981) as lower boundary condition and the only
slight insolation changes calculated by Berger (Berger 1978) as upper boundary
condition. Informations about the glacial/interglacial shift in coastlines due to the
sealevel decrease of about 120m and the new ice sheet reconstruction was taken from
(Tushingham and Peltier 1991). We ran the model for 5% years and initialized the
water isotopes after the first year similarly to the control run. Because the ice sheets
consisted of isotopically strongly depleted water the remaining ocean was prescribed
about 1.6 0,60 (Duplessy et al. 1980) in 118C) heavier than today. We analyzed the last
four years of the paleo simulation.

3 The Water Isotope Cycle Under Present Day
Conditions

3.1 Global Behaviour

Fig.2 shows the 5 years mean of the control run of the 6180 value of precipitation.
The monthly means of 6 180 were weighted with the monthly amount of precipitation
and subsequently averaged. This tends to lower the 6 -values compared to the
unweighted values due to the amount effect mainly in the tropics and subtropics
(Dansgaard 1964). Instead of comparing this result pointwise with the measurements
of the I.A.E.A. we describe only some general features of the simulation before
focussing on the monsoon regions. The isotopic composition of precipitation over
the oceans between roughly 40 °N and 40°S varies only slightly from -4;°,é° up to
—1°,é°. The rainout is still weak here and the isotopic composition of vapour over the
ocean surface is almost constant (between -11. and —12. °‚{‚°) preventing also a large
variability of the 6 values of precipitation. Polewards the latitudinal structure of the
6 18O values is produced by stronger rainout of air masses at lower temperatures. The



SON-l“

30N

ECHAM5:LGM—Cntr‚ Annuol Mean Delta 180 (weighted)

EO- __ ’3‘

305- "‘

605

o aus 1205 130 I saw

—.'52 —"'12
Figure 2: Mean of 6 180 over 5 years of the control run. The monthly 6 18O are

weighted with the monthly precipitation“

most depleted precipitation in the northern hemisphere can be found over the top
of the Greenland ice sheet: the model result of —33.2 $40 is in fairly good agreement
with the observed -34.8 °/‚o (Johnsen et al. 1992). The rainout in the Antarctic is
more complete due to lower temperatures and the larger distance of the top of the
East Antarctic ice sheet from oceanic vapour sources. The most negative 6 value
in the model (63E,83S) is about 4 °‚A° too weak fractionated compared with the
most negative values observed in Vostok (-57%0) (Lorius 1983). This difference may
again be partly due to the model orography. The importance of the orography for
the rainout process can also be inferred from the isotope patterns along the large
mountain chains: the Himalayas, the Andes and the Rocky Mountains. At these
orographic obstacles air masses are lifted up and subsequently rain out strongly
(“altitude effect” (Dansgaard 1964)).

Further, the isotopic composition of precipitation measures the “continentality”
of vapour masses which are transported from sea to land by the general circulation.
Again the degree of rainout is responsible for the isotopic gradient from the coast
to the interior of a continent simulated by the model: 1) From the gulf of Mexico
northwestward into North America. 2) From England with the westerlies into Eu-
rope. 3) From the tropical Atlantic with the trade winds into the Amazon basin. 4)
From the Chinese Sea with the monsoon circulation into China. Over Europe and
the Amazone basin, where the data of the I.A.E.A. allow a comparison with the ob—
servation, the model seems to simulate quite satisfactorily this “continental effect”:
The simulated gradient over Europe is approximately -.3 °ß° per 100km eastward



(observerd 0.33%, per 100km (Rozanski et al. 1982) ) and in the Amazone basin
the gradient is -0.08 °,éo per 100 km westward (observed -„075°‚[‚o per 100 km (Salati
et a1. 1979)). The reduced gradient over South America is due to the higher degree
of recycling of precipitation.

The strongest precipitation in the tropics can be found along the Intertropical
Convergence Zone (ITCZ). Because of the amount effect we can recognize clearly
this area charaterized by strong convective activity and heavy showers over the west
Pacific warm pool and two asymmetric branches north and south of the equator»
The isotope values here vary between —4 °ß° and -7°,é° which is in accordance with
the observations (IAEA 1992).

The model has problems to simulate a realistic isotopic composition in some dry
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The model has problems to simulate a realistic isotopic composition in some dry
areas like the west and central Sahara, the Ethiopian highland and the interior of
Australia. Although there are almost no stations of the l.A.E.A. in these regions the
computed 6 values between -6 °,é° and -9°,é° are certainly much too low. The reason
for the strong fractionation under conditions of rare precipitation in the model is
not yet understood.

The capacity of the model to simulate the temperature effect globally is given
in Fig.3b+c where the relation between the annual mean temperature and 6180
of precipitation in the observations and in the ECHAM model are shown. The
correlation between T and 6180 of precipitation in the lower temperature range is
similarly high in both cases (r=0.96 in the observations and r=0.98 in the model),
but the slope of the regression line is about 10% too flat in the model. Because a
previous run with a coarser resolution showed still a less steep relation between T
and 6 180 this deficiency may at least partly be due to the orographic resolution of
the model. Above 15°C there is no correlation in the model between T and 6180
(r2017 in the model, r=0.2 in the observations).

3.2 The Water Isotopes In The Monsoon Area
Fig.4 shows the monthly and annual mean of precipitation and 6 18O for two groups
of stations: tropical islands and stations in the Asian monsoon regions. The isotope
signal measured on tropical islands should represent examples clearly dominated by
the amount effect. The vapour source is isotopically very uniform. Therefore, the
wind direction should not be important and mainly the strength of the convective
activity controlles the isotopic composition of rain. In the tropics, the correlation
of 6180 to the amount of precipitation is quite high in the observations (r=-.91 for
the monthly means) and in the model (r=—.82). However, the slope of this relation
is about 80% too flat in the model (about 1°,éo 6180 per 100mm compared with
1.8 °ßo per 100 mm in the observations). Different reasons could be responsible
for this deficiency: Firstly, the simulation time of 5 years is rather short for a good
statistical representation of the ITCZ in a GCM. Secondly, the numerical description
of isotopic exchange of raindrops below the cloud base with the surrounding vapour
is somewhat arbitrary. We have chosen a fraction of 45% of drops getting into
equilibrium with vapour. The sensitivity of the amount effect in the model on this
arbitrary chosen fraction has still to be tested. Thirdly, the underestimated slope
could also indicate that the convection in the model does not reach high enough in
altitude. The vapour in the upper troposphere is very depleted in the model (-40 —
{30°13o in 5km, in accordance with observations (Taylor 1972)) and could influence
significantly the isotopic composition of raindrops formed in convective towers.

The 6 values at stations in the Asian monsoon region (Fig.4c+d) are much more
affected by circulation changes than the stations on tropical islands. As there are two
isotopically different vapour sources, the already depleted vapour over the continent
and the vapour from the Indian ocean and the Pacific, the wind direction is more
important for the isotopic composition of rain and hence the correlation of the 6
values to the amount of precipitation is weaker (r=-.81 in the observation, r=—.76
in the model).
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Figure 4: Annual means (filled dots) and monthly means (light squares) of 6180
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from the IAEA stations Apia, Diego Garcia, Sao Tome, Taguac, Truk,
Wake Isl. and Yap; a:corresponding model results of the control run)
and for monsoon related stations (d:observations at Bombay, New Dehli,
HongKong, Singapore, Bangkok and Djakarta; c: model results). The
linear regressions are calculated for the monthly means.

This is also corroborated by the seasonal cycle of temperature, precipitation and
6180 at two stations of the l.A.E.A. network, Bombay and HongKong (Fig.5a-f).
A comparison of single stations with gridpoints of a GCM is problematic, because
the orographic resolution in the model can not correctly take into account the sharp
mountain chains which are very important for the simulation of the precipitation.
Both coastal stations are located in front of such mountains which is why it is not
surprising that the rain gauge is considerably underestimated by more than 200 mm
per month during the summer monsoon. Because of too weak summer precipitation
and the long dry period in winter the surface water reservoirs of the model tend
to dry out. In particular at Bombay the lack of evaporative cooling causes too
high temperatures in spring and early summer. Nevertheless, the seasonal cycle of
(5 18O in HongKong seems to be reproduced quite well. The isotopic composition of
rain is controlled by the amount effect (r=—.87 in the observations, r=—0.84 in the
model). The minor role of the temperature for the rainout process above 15°C is
demonstrated by the surprising inverse correlation of temperature and 6 18O (r=—.95
in the observations, r=-.75 in the model).
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Figure 5: Fig.5a—f: Temperature (°C), precipitation (mm/month) and 6 18O for the
IAEA stations Bombay (a—c) and HongKong (d—f). The filled triangles
denote the observations, the light triangles denote the results of the
corresponding model grid points.

circulation for the 6180 value in this area. In the observation period of 11 years
there was no precipitation during the first five months of the year. The abrupt
onset of the monsoon fell always on June. During the main rain period from June
to August the 6180 values follow the amount effect. But with the end of the sum-
mer monsoon the winds turn slowly from the southwest to the northwestern winter
monsoon transporting depleted vapour from the interior of India to Bombay. A1—
though the precipitation amount is rather small from September to November the
5 values indicate a more and more fractionated rain. This behaviour is captured
quite satisfactorily by the model: From July to September the 6 values follow the
amount of precipitation, from October to December the precipitation is affected by
the depleted vapour from the interior of India. Such continental and strongly frac-
tionated vapour is probably also responsible for the deficient 6 values in May and
June which are about 2%, too negative.
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Figure 6: Zonal mean of (a) surface temperature (°C), (b) precipitation
(mm/month) and (c) 6 18O for the simulations under present day condi-
tions (solid lines) and under LGM conditions (stippled line). (d) shows
the corresponding anomalies (LGM—today) for temperature, 6 180 (both
left scale: °C and $60) and precipitation (right scale: mm/month).

4 The LGM Run

4.1 Global Patterns

Focussing now on the modelled changes of the isotopic composition of rain under
LGM conditions we attempt to determine to what extent measured changes in the
6180 of paleoprecipitation are valuable recorders of temperature or precipitation
changes in the monsoon region" (Fig.6a—c) show the zonal mean of temperature,
precipitation and 6180 under both boundary conditions. The simulated tempera—
ture changes (Fig.6a+d) are of course dominated by the prescribed CLIMAP sea
surface temperatures. They are characterized by only slight and uniform tempera—
ture changes in the tropics and subtropics (N 1—2°C) and stronger cooling in high
latitudes. The strongest temperature signals are found in regions affected by the
equatorward expansion of the polar front and over the icesheets. The model re-
acts on this temperature forcing with a global reduction of precipitation of about
10mm/m * *2 year. Compared to a previous simulation (Lautenschlager and Her-
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terich 1990) with the older ECHAM2 in T21 resolution, the Hadley circulation in
the tropics is much weaker in the present LGM simulation. Such tropical aridness
is qualitatively confirmed by a variety of paleodata, e.g. by low lake levels in tropi-
cal Africa (Street—Perrot and Harrison 1985) and a suggested retreat of the tropical
rainforest in the Amazon basin (Bradley 1985). increases in precipitation in the
subtropics are restricted to areas in the western Indian ocean and the Pacific, which
are prescribed warmer than today in the (CLIMAP reconstruction (Fig.7+8).

Clearly the zonal mean of 6 180 in precipitation (Fig.6c) under LGM conditions is
not a simple linear shift of present day values. The latitudinal gradient of the 6180
appears steeper than today. Simulated values are about 2-3 °‚Ä‚° higher between 45°N
and 45°S and up to 8%., lower values in high latitudes. The reversal of this trend to
positive anomalies in the Arctic seems to be unrealistic and is not yet clarified. The
largest temperature anomalies are reached over the northern icesheets between 60°N
and 80°N. North of 80°N there is a reversal of the temperature anomalies similar to
the 6180 anomalies. Nevertheless, the temperature anomaly is still negative in the
Arctic actually producing a stronger rainout and more negative 6180 values than
today. A positive 6180 anomaly would indicate a vapour source shifted far to the
North compared with present day climate. Because of the greater sea ice extent and
generally cooler temperatures in high latitudes such a local Arctic vapour source is
highly unlikely under LGM conditions.

The simulated higher 6180 values in the tropics could be explained by four dif—
ferent mechanisms: (1) the prescribed 6 18O level of the LGM ocean is 1.6%o higher.
(2) Cooler evaporation temperatures reduce the temperature gradient to the pre—
cipitation site. Therefore, the rainout process starts at a lower level (gm Smaller
in 2) which results finally in a higher 6180 value assuming that the condensation
temperature remains the same. (3) Because of reduced precipitation in the tropics
we expect higher 6180 values due to the amount effect. (4) Because of the first
three mechanisms less depleted vapour is transported to higher latitudes. This may
be the reason why positive 6180 anomalies extend farly over the region dominated
by the amount effect nearly to mid—latitudes (45°N — 45°S).

4.2 The LGM Climate In The Monsoon Region
The Hadley circulation responds sensitively to the prescribed sea surface tempera—
ture changes based on CLIMAP in the Pacific and the Indian ocean. The approx—
imately 2°C cooler tropical Pacific combined with the slightly warmer subtropical
North and South Pacific disperse the tropical low pressure system considerably.
This weakens the convergence of air in the ITCZ and hence the strength of the
trade winds (Fig.7+8). The precipitation is diminished by about 100 to 200 mm
per month. The areas with enhanced precipitation (about 30-100 mm) are the
above mentioned regions with unchanged or even warmer SST’s. Such precipitation
anomalies following linearly the SST forcing has also been found in other GCM
studies (Rind 1987, Kutzbach and Guetter 1986).

The summer monsoon (Fig.7) is weakened considerably under LGM conditions.
There are surface wind anomalies against the monsoon circulation along the coast
of Somalia and in the Arabian sea. Further, the surface wind anomalies over China
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and the Chinese Sea are directed southeastward against the East Asia monsoon
which transports moist air land inwards. A weakened summer monsoon circulation
is accompanied by strongly reduced precipitation over eastern India, Southeast Asia,
China and Japan (between 50—150mm per month ) The small positive precipitation
anomaly in southwestern India is probably an orographic effect. The 120m sea level
lowering leads to a relative height increase of the sharp mountains at the western
coast of India. In an about 2- 3°C cooler surrounding this may cause a stronger
rainout of airmasses which are advected with westerlies from the Arabian Sea.

A wealth of data confirms qualitatively the simulated scenario for the Indian and
East Asian summer monsoon. Oceanic dust, pollen and faunal records (Sirocko et al.
1991, Prell and van Campo 1986) in the Arabian Sea are interpreted as indicators for
weaker and sligthly southward shifted southwesterlies. Faunal records in the Bay of
Bengal(Duplessy 1982) give hints that the freshwater input by river discharge in the
northern part of the Bay of Bengal decreased considerably during the last glacial.
This indicates less precipitation in northern India and in the Himalayas which are
drained by the Ganges and Bramaputra in the Bay of Bengal. Drier conditions
prevailed also in China as deduced from lower lake levels (Fang 1991) and loess—
paleosol sediments (An et al. 1991). A pollen analysis from marine cores taken off
the Pacific coast of Japan yielded a cooler and drier climate than today prevailing
in southern Japan (Heusser 1989).

The simulated changes are less unique in winter (Fig.8). The northeasterlies have
a stronger eastward component along the Arabian coast and are amplified south of
India, over Indochina and in the Chinese Sea. There is no coherent circulation
change in the Bay of Bengal and over India. The precipitation anomalies for most
of the regions regarded here are rather small during the dry winter season. In
fact, a stronger north and northeast component is suggested over the Arabian Sea
based on observed larger pollen influx from the Iran steppe (van Campo et al. 1982).
Moreover, the reconstructed surface salinity in the Bay of Bengal and South of India
is interpreted as an indicator of a stronger northeast winter circulation(Sarkar et al.
1990). Although such a strengthening in this region is not computed by the model
we can generally charaterize the simulated climate over India and East Asia for the
last glacial as cooler and drier due to a weakened summer monsoon and a partly
strengthened northeast winter circulation.

(Kutzbach and Guetter 1986) proposed a mechanism which could explain such
changes in the monsoon intensity. The Asian continent gets cooler possibly induced
by circulation changes due to the large northern ice sheets and partly due to the
002 reduction during the LGM. This reduces the Asian heat low in summer and
the pressure gradient to the relative cool Indian ocean and the Pacific and intensifies
the high pressure system in winter. This cooling could be amplified by the albedo
and the hydrological feedback of snow cover anomalies over Siberia and the Tibetan
highlands computed in this LGM simulation. On the shorter timescale of interannual
variability the influence of such snow cover anomalies on the monsoon intensity has
been demonstrated with an older version of the ECHAM (Barnett et al. 1989).
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with negative anomalies (< -1°,é°) are dark shaded.

4.3 The Isotopic response In the Monsoon Region
What are the regional consequences of the LGM boundary conditions for the isotopic
composition of precipitation (Fig.9) ? Obviously the 5180 anomalies don’t follow
simply linearly neither the simulated temperature changes nor the precipitation
changes (Fig.7+8). Only over Europe north of 45°N 6180 responds directly to the
strong cooling in the Vicinity of Fennoscandian ice sheet. The spotty pattern in the
northern Sahara is most likely an artefact of simulation problems in arid regions.
The only larger negative anomalies in the tropics and subtropics are situated in the
subtropical North Pacific and in the western Indian ocean. As mentioned above
these regions are wetter than today. Thus the negative 6180 anomalies follow the
amount effect. The strongest positive isotope signal is found in the monsoon area.
The positive 5180 anomalies reach 5°‚Ao over India, the Bay of Bengal and Central
China. Apart from the local consequences of weaker monsoon precipitation these
anomalies are also caused by circulation changes. The positive gradient from the
Chinese Sea to the West of China is produced by the weaker rainout of Pacific air
masses near the coast of China (Fig.7) transporting a positive isotope anomaly to
the West. Furthermore, the weaker monsoon winds prevent vapour Whose source
regions are located further away from the coast to be advected into the interior of

16

i ehw



the continent. This shortening of the mean distance between the evaporation and
the precipitation site also reduces the strength of rainout of a vapour plume and
therefore, makes the vapour isotopically heavier, Although the simulated conditions
at the precipitation site in western China are about 4°C cooler and only slightly
drier (~ 100 mm per year) the 6180 value is about 4 °,é° higher,

(Fig.10a-c) demonstrates this disagreement between local climate and 6180 re-
sponse. The Dunde ice cap is situated on the northern Quinghai Tibetan Plateau
(38°N,96°S). The ice cores taken from this glacier reveal a detailed 6 180 record of
the last 40,000 years (Thompson et al. 1989). A comparison of the results of the
corresponding model grid point (Fig.10b+c) shows clearly that the isotopic compo-
sition of precipitation in the seasonal cycle is dominated by the temperature effect
under both today (T=0.60 6180—124, r=0.94) and in the LGM (T2052 6180-91,
r2090), The temperatures remain below 15°C which is why we would assume that
the temperature change of -2.5°C to the LGM produces a corresponding lowering
of the 6180 signal. In contrary we find an about 3 °,éo higher 6180 value for the
LGM simulations. On the other hand, the measured 6180 change to the LGM in
the Dunde ice core is about -2 °/,°. It is possible that the model fails to reproduce
this 6 18O lowering because of deviations of the model orography from reality. The
summit of the Dunde glacier is about 500m higher than the corresponding gridpoint
in the GCM. This may influence not only the computed temperature (the annual
mean temperature is -7.3 °C (Thompson et al. 1989) instead of —2..0°C in the model)
but also the isotopic composition of air masses raining out over the top of the ice
cap. Nevertheless, the 3 °ß° higher 6 180 over Dunde demonstrates that the isotopic
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at the Dunde ice cap (Quinghai Tibetan plateau ~ 38°N,96°E).
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anomalies ALGA/1-11mi” 6180 may respond on local temperature changes even with
the opposite sign.

On a global scale, the problems of interpreting 6180 anomalies in terms of
temperature changes are made clear by comparing (Fig.11a) with (Fig.3a). The
global 5180- temperature relation remains nearly unchanged under LGM condi—
tions (r=0.96 in the low temperature range Fig.3a). However, the scatter of about
10 % in this relation is amplified if we compare the computed temperature anoma—
lies ATLGM_TOday versus the isotopic anomalies A 6180LGM_Today (Fig.1la). The
correlation is only r=0.79 corresponding to an unexplained variance of more than
50% . Even relatively large temperature changes between —5°C and -10°C may be ac-
companied by positive 6 18O changes° lndeed dramatic temperature changes of more
than 10°C are required to get at least qualitatively the “right” isotope response and

ECHAM3:LGM-Today Anomalies
Delta 180 Delta 180 versus Temp. and Delta 180 versus Prec.
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Figure 11: Anomalies (LGM—today) of 6 180 versus anomalies of temperature °C (a)
and versus anomalies of precipitation mm per month (b). The results
of any 20’th gridpoint are plotted. For the linear regression in (b) all
precipitation anomalies below :I:30 mm/month are neglected.
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to exceed clearly the level of noise in the 6180- temperature relation.
The scatter of the 6180- precipitation relation is not that much larger if we

consider the anomalies to the LGM (r=-0.72 in Fig.11b compared with r=-0.81 in
Fig.4a and r: -0.76 in Fig.4c). If we neglect all points with small precipitation
anomalies ( < 30 mm per month) we find a slope of 1.1 0,40 per 100 mm which is
roughly in accordance with what we expect from the strength of the present day
amount effect (between 1°/,o Fig.4a and 2.1%, Fig.4c per 100 mm).

5 Conclusion

We presented here the results of a water isotope model which was embedded into
the ECHAM GCM. The model is able to simulate the main features of water iso-
topes in precipitation under present day conditions on a global scale (temperature,
amount, altitude effect etc.) and on a regional scale (monsoon region). Because the
description of water isotopes in the model is mainly based on first principles, the
successful simulation of the annual mean and the seasonal cycle of the water isotopes
constitute an independent test of a GCM’S water cycle. Deviations of computed iso—
topic composition from observations, e.g. the too weak amount effect in the tropics,
provide information about weaknesses of the GCM. This will be analyzed in further
studies.

How do our results contribute to the discussion about the disturbing influences
of the circulation on the 6-temperature or the 6-precipitation relation? (Cole et al.
1993) have shown with a similar isotope model built into the GISS GCM that inter—
annual variability like El Nifio or La Nifia events produce significant temperature,
precipitation and 6180 anomalies all over the world. Unfortunately, these anoma-
lies are spatially not correlated with each other. (Cole et al. 1993) argue that the
circulation pattern causing the temperature anomalies are not identical with the
pathways of moisture masses which are responsible for the 6180 anomalies. These
results surely limit the interpretation of high resolution 6180 records in terms of
temperature variations. Under the extremely different boundary conditions of the
last glacial not only stronger temperature and 6180 anomalies than the correspond-
ing interannual anomalies have to be expected but also a different steady state of the
circulation. (Charles et al. 1994) investigated the influence of this different steady
state on the vapour source distribution of precipitation in Greenland. They found
an astonishingly high fraction of North Pacific air masses contributing to the precip-
itation over the summit of the Greenland ice sheet under LGM conditions. These air
masses are strongly depleted because of the long distance to their evaporation site
and the corresponding high degree of rainout. Therefore, the snow formed by such
air masses would lower the 6180 measured in the Greenland ice cores without also
lowering the paleotemperatures. Nevertheless, these results do not really cast doubt
on the interpretation of the measured -7°,é° 6180 change in the Summit ice core in
terms of a temperature change. The possible temperature error caused by simulated
circulation changes amount at the most 1-2 °C which is rather small compared with
the estimated temperature change of about —11 °C between today and the LGM.

This is basically confirmed by our results. The latitudinal gradient of the zonally
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averaged 6180 values of precipitation is tilted under LGM conditions. This means
that the 6 18O values following the temperature signal are considerably lower in high
latitudes and higher in the tropics and subtropics. But there is a range between
40°N — 40°S where the 6180 response is not zonally uniform and unique. We inves—
tigated the monsoon under LGM conditions and found that the model simulated
the monsoon considerably weaker in summer and at least partially intensified in
winter. Such a scenario has been shown to be in accordance with a wealth of pa-
leodata. The isotopic composition of precipitation responds to this with a positive
6 18O anomaly over East Asia and India. In particular the computed decoupling of
the 6180 response on LGM condition from the local temperature over the Dunde
ice cap demonstrates the importance of long range interactions i.e., the possible
shortening of the distance of advected vapour from the evaporation site.

In order to interprete an observed 6 180 change quantitatively in terms of a tem—
perature change, in particular in regions where only a cooling of a few degrees is
expected, it seems to be desirable to reconstruct the full pathway of moisture masses
to their precipitation site. This was for instance possible in Europe (Rozanski 1985)
for the last glacial. The deuterium concentration gradient of precipitation 6D re-
constructed from the western coast of Europe to the East allowed an interpretation
as indicator of a temperature shift of about -7°C. These results were in agreement
with our simulations (not shown here) (Hoffmann 1995).

The model failed to reproduce the observed 6 18O lowering of —2 °,é° in the Dunde
ice core. Further studies have to clarify if this is a result of the model resolution or
of other factors. Colder tropical SST’s than the CLIMAP temperatures for instance
have been suggested because much lower snow lines for the LGM than today are
observed in the tropics. Such a lowering is not in accordance with GCM results
forced with CLIMAP SST’S (Rind and Peteet 1985). Possible cooler temperatures
would of course affect the isotopic composition of vapour and the entire monsoon
circulation as well. In any case, more data of 6180 in paleoprecipitation covering a
more extended area are needed in order to evaluate regionally both the computed
response of the water isotope model and the interpretation of 6180 records.
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