Spatial distribution of d18O in meteoric precipitation
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ABSTRACT
Proxy data reflecting the oxygen isotope composition of meteoric precipitation (d18Oppt)
are widely used in reconstructions of continental paleoclimate and paleohydrology. However, actual geographic variation in modern water compositions is difficult to estimate
from often sparse data. A first step toward understanding the geologic pattern of change
in d18Oppt is to describe the modern distribution in terms of principal geographic parameters. To this end, we empirically model relationships between 18O in modern precipitation
and latitude and altitude. We then identify geographic areas where large-scale vapor
transport patterns give rise to significant deviations from model d18Oppt compositions
based on latitude and altitude. Model value and residual grids are combined to derive a
high-resolution global map of d18Oppt that can serve as a spatial reference against which
proxy data for paleoprecipitation can be compared. Reiteration of the procedure outlined
here, for paleo-d18Oppt data, may illuminate past changes in the climatic and physiographic parameters controlling the distribution of d18O regimes.
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INTRODUCTION
The oxygen isotope composition of meteoric water as recorded in authigenic minerals
and biogenic hardparts has been used extensively in studies of ancient continental climate
and hydrology. Important records have been
derived from ice cores (e.g., Dansgaard et al.,
1993; Thompson et al., 1995; Petit et al.,
1999), groundwater (e.g., Rozanski, 1985;
Dutton, 1995), speleothems (e.g., Schwarcz,
1986; Dorale et al., 1992; Denniston et al.,
1999), meteoric calcite cements (e.g., Hays
and Grossman, 1991), freshwater mollusks
(e.g., Dettman and Lohmann, 1993), fossil
enamel (e.g., Bryant et al., 1996; Fricke et al.,
1998; Sharp and Cerling, 1998), soil carbonate
(e.g., Koch et al., 1995; Amundson et al.,
1996; Cerling and Wang, 1996), iron-oxide
minerals (e.g., Bao et al., 1998, 1999), and
authigenic clays (e.g., Chamberlain et al.,
1999; Chamberlain and Poage, 2000). These
records are frequently used to estimate paleotemperature based on the strong spatial correlation between modern d18Oppt and local
mean annual temperature (Dansgaard, 1964).
It has become increasingly apparent that
past changes in atmospheric circulation and
other climatic parameters may render simple
temperature-based interpretation of paleod18Oppt data incorrect (Amundson et al., 1996;
Edwards et al., 1996; Boyle, 1997; Fricke and
O’Neil, 1999; Pierrehumbert, 1999). Theoretical models for d18Oppt, combining Rayleigh
distillation with a more or less comprehensive
treatment of the meteorological evolution of
individual air parcels, have been developed
and applied to individual precipitation events
(Covey and Haagenson, 1984) and locations
(Dansgaard, 1954; Boyle, 1997; Pierrehumbert, 1999). Similar treatments, coupled to
global circulation models (GCMs), have pro-

duced reasonably accurate, low-resolution
model d18Oppt maps for the modern Earth and
estimated values for the Last Glacial Maximum (Joussaume et al., 1984; Jouzel et al.,
1994; Hoffmann and Heimann, 1997). Application of theoretical models to paleo-d18Oppt
proxy data, however, is limited by inadequate
knowledge of relevant meteorological parameters and uncertainties regarding GCM reproduction of past climates.
Despite the abundance of work that has addressed relationships between climate variables
and d18Oppt, relatively little research has focused on the geographic distribution of d18Oppt
and its variation through time. To address these
issues, a modern spatial reference framework is
needed against which ancient values can be
compared. Here we develop the necessary
framework as a high-resolution map of d18Oppt
based on an empirically derived model incorporating basic geographic parameters.
DATA
Our effort begins with data from the third
release of the International Atomic Energy
Agency–World Meteorological Organization
Global Network for Isotopes in Precipitation
(GNIP) database (IAEA/WMO, 1998). The database includes data from 583 stations, although
fewer than half of these have oxygen isotope
records representing one or more years (see Rozanski et al., 1993, for a complete review of an
earlier release of this data set). Model equations
were derived from station geographic data and
from average amount-weighted annual d18Oppt
values that were calculated from the month-bymonth GNIP isotopic and precipitation measurements. To calculate annual averages, amountweighted mean values were calculated for each
month for all years represented at each station.
These monthly d18Oppt values were used to de-

rive an amount-weighted mean annual d18Oppt
for each of 232 stations. Other routines for calculating average annual d18Oppt were explored
and do not produce results significantly different
from those presented here. The high-resolution
map of d18Oppt was created by using topographic
data from the U.S. Geological Survey ETOPO5
digital elevation model (DEM), with 5 min latitudinal and longitudinal resolution (U.S. National Geophysical Data Center, 1998).
APPROACH
Previously, estimation of d18Oppt at a given
geographic location has been accomplished by
interpolation between GNIP stations or by reference to the nearest station. However, the oxygen isotope composition of precipitation is
controlled by Rayleigh distillation of atmospheric vapor, driven primarily by changes in
air-mass temperature (e.g., Yurtsever, 1975;
Rozanski et al., 1993), and interpolated estimates ignore the geographic parameters that
control temperature (latitude and altitude). We
incorporate these variables by using the global
mean relationships between latitude and altitude and d18Oppt to predict local d18Oppt.
Large-scale patterns of atmospheric vapor
transport also affect d18Oppt by changing the
length and origin of vapor-transport pathways
(Amundson et al., 1996; Edwards et al., 1996;
Boyle, 1997). These effects appear as regional
deviations of GNIP station observations from
the predictions based on latitude and altitude.
We incorporate vapor-transport effects in our
best estimate d18Oppt map by spatially interpolating the residuals from our altitude and
latitude model and adding those to the map
grid generated from the model.
MODEL DERIVATION
We used a two-step regression technique to
deconvolve the effects of latitude and altitude on
d18Oppt. The negative correlation between
d18Oppt and the absolute value of station latitude
(zLATz, Fig. 1) results from the cooling and distillation of water vapor during transport from
low-latitude regions toward the poles. Data from
stations at ,200 m elevation (n 5 155) were
isolated to evaluate latitudinal variation in
d18Oppt values while minimizing the complicating effects of topography. The relationship between low altitude station zLATz (independent
variable) and d18Oppt (dependent variable) is best
described by the second-order polynomial:
d18Oppt 5 20.0051(zLATz)2
1 0.1805(zLATz) 2 5.247 (1)
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Figure 1. d18O of meteoric precipitation plotted against station latitude for 232 GNIP stations,
with best-fit polynomial for low-altitude stations (<200 m; solid) and model lines for 1–5 km
elevations. Model equation is shown.

(solid line, Fig. 1) for which r2 5 0.80. The
shape of this trend is largely the result of the
nonlinear relationship between latitude and
temperature and is exaggerated by the negative correlation between annual precipitation
amount and d18Oppt in the tropics (e.g., Rozanski et al., 1993).
There is a tendency for the d18Oppt values
of stations above 200 m to be below the lowaltitude station trend (Fig. 1), and deviations
of measured values from the low-altitude
trend systematically increase with increasing
station altitude (ALT, meters). The association
between these parameters is a function of the
cooling of air masses as they rise to higher
elevations and is roughly linear. To derive the
relationship between altitude and d18Oppt, we
first used equation 1 to estimate d18Oppt values
for all stations based on their latitudes. The
negative correlation between d18Oppt and altitude (oxygen isotope lapse rate, OILR) was
quantified by least-squares regression between
station altitudes (independent variable) and
the residuals from equation 1 (DEV, dependent variable), where the Y-intercept was fixed
at 0. This approach allowed us to examine the
latitude-independent effects of altitude on
d18Oppt. The best-fit equation is
DEV 5 20.002(ALT),

(2)

where r2 5 0.17. This yields an oxygen isotope lapse rate of 2‰/km, a value almost
identical to that calculated by Chamberlain
and Poage (2000). The slope of this relationship has a standard error of 60.0002 and is
highly significant at the 95% confidence level
(p , 0.0001).
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Our model equation, describing d18Oppt for
the continents as a function of latitude and altitude, is the sum of equations 1 and 2:
d18Oppt 5 20.0051(zLATz)2
1 0.1805(zLATz)
2 0.002(ALT)
2 5.247.

(3)

This formulation assumes that the oxygen isotope lapse rate is similar at all geographic locations, a necessary simplification given the
current lack of data from high altitudes. The
average difference between d18Oppt values estimated from equation 3 and the measured values is 20.21‰ (s 5 2.49‰). The relationship
between estimated and measured values is linear with a slope of 1.04 and R2 5 0.76.
SPATIAL DISTRIBUTION OF MODEL
RESIDUALS
Equation 3 was applied to each GNIP station, and a second set of residuals was calculated that describes the difference between
observed values and those predicted by the
combined model. To investigate the spatial
distribution of these residuals, a 0.58 3 0.58
grid was interpolated on a spherical surface.
Residuals were weighted according to:
weight 5 e(2d8/48),

(4)

where d is the angular distance between a grid
point and data point. This function allows relatively smooth interpolation of unevenly
spaced data and highlights variation over dis-

tances of 102 to 103 km, a scale at which the
effects of large-scale vapor-transport patterns
should be evident.
The spatial distribution of interpolated residuals (Fig. 2) shows significant variation at
the 102 to 103 km scale. Low-magnitude interpolated residuals cannot be considered
meaningful across regions with sparse data
(e.g., Africa and Siberia). In other regions
(e.g., South America, southern North America, the Mediterranean, and eastern Europe),
however, low-magnitude residuals are interpolated from abundant data and confirm that
d18Oppt is primarily dependent on latitudinal
and altitudinal temperature variations. In addition, there are large oceanic areas (e.g., the
northern Atlantic and the western Pacific)
where the model is in good agreement with
observations made at numerous, but widely
separated, island stations.
Regions of high-magnitude residuals occur
at northern middle to high latitudes and likely
reflect the zonal heterogeneity of vapor transport. In particular, the latitude and altitude
model significantly overestimates the d18O of
precipitation over Canada, while underestimating d18Oppt in the Norwegian and Barents
Seas. Comparison of the residual map with
vertically averaged patterns of vapor transport
(Peixoto and Oort, 1992) suggests that residuals in the North Atlantic may relate to northward and eastward transport of moisture
across the warm North Atlantic, a process that
would provide relatively 18O enriched water
to northern coastal Europe. Conversely, overestimation of d18Oppt in Canada may be associated with a component of 18O-depleted,
Arctic-derived moisture and with eastward
transport of moisture across the cool Pacific
eastern boundary currents before reaching the
continent.
In some cases, adequate explanation of the
residuals will require additional data. The
anomaly across East Africa, for example, reflects the fact that water compositions from
two high-altitude stations (Addis Ababa at
2.36 km and Entebbe at 1.16 km) are close to
those anticipated for sea-level stations at that
latitude. Recently published d18Oppt measurements from a transect (10–4050 m altitude, n
5 20) in equatorial East Africa (Gonfiantini
et al., 2001) are heavier than the values predicted by equation 3 according to:
d18Omeasured 2 d18Omodel
5 0.0004(ALT) 1 1.371,

(5)

where the r2 5 0.57 and the slope is significant at 95% confidence with p , 0.001. This
suggests that the oxygen isotope lapse rate in
this region is 20% lower than the global average and, although the East African anomaly
may characterize precipitation at all altitudes,
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Figure 2. GNIP stations (shaded diamonds) with model residuals contoured at 1‰ intervals. Note significant residual values
over East Africa and at high latitudes over northern North America and North Atlantic.

its magnitude in Figure 2 is exaggerated because data from this region are from high-altitude stations.
SPATIAL DISTRIBUTION OF d18O IN
METEORIC PRECIPITATION
A 59 3 59 grid of equation 3 residuals was
interpolated from the 0.58 3 0.58 grid just discussed. This grid was added to a 59 3 59 grid

generated from application of equation 3 to
the ETOPO5 DEM grid points, producing a
map grid representing our best estimation of
d18Oppt (Fig. 3). The pattern of d18Oppt distribution is similar to that previously documented (Yurtsever, 1975), but with considerable refinement. The map reproduces the d18Oppt of
continental GNIP stations closely, with an average error of 0.08‰ (s 5 0.85‰, n 5 168).

The relationship between map d18Oppt values
and measurements is linear with a slope of
1.00 and R2 5 0.97. To test the predictive
power of the map, we compared d18Oppt data
from Goldstone, California (35.358N,
116.898W, 920 m; Friedman et al., 1992), and
Ames, Iowa (42.038N, 93.688W, 287 m; Simpkins, 1995), to Figure 3 values and to estimates from linear interpolation between the

Figure 3. Map of d18Oppt calculated for continents at 59 3 59 geographic resolution. Map values are sum of model-derived d18Oppt
estimates from latitude and altitude data (Fig. 1) and spatially interpolated model residuals (Fig. 2). Color bands represent 1‰
intervals between 230‰ and 0‰.
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nearest GNIP stations. Map and linearly interpolated estimated values at Goldstone were
27.6‰ and 27.1‰, respectively, compared
to the measured value of 210.4‰. At Ames,
map and interpolated predictions were 28.9‰
and 29.9‰, respectively, and the measured
value was 28.0‰. In each case, the map values more closely approximate measurements.
The estimation of confidence limits for map
predictions will be the focus of future work.
The map shown as Figure 3 affords several
potential uses. Because the map accounts for
the effect of local topography on d18Oppt, temporal change in d18Oppt at a single location may
be better evaluated with reference to map values than interpolated estimates. Second, the
map depicts modern, globally averaged relationships between d18Oppt and a number of explicit (latitude, altitude) and more obscure (vapor sources, storm tracks) geographic variables.
Reiteration of the process described here for
high-quality paleo-d18Oppt proxy data representing a previous climate state will be a first
step toward understanding the stability of
these relationships through time. Finally, because regions where d18Oppt deviates significantly from the global mean geographic and
physiographic trends may reflect large-scale
vapor-transport patterns, recognition of such
areas in a data set for paleo-d18Oppt could
highlight temporal variations in atmospheric
or oceanic circulation.
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