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interatomic vector positions. Table 1 shows that the typical
deviation between observed and correct vector positions is
~0.0015a =0.007 A, a full order of magnitude less than the
pixel resolution (a/60=0.08 A) and almost two orders of mag-
nitude less than the minimum d spacing measured (0.487 A).
The oxygen fractional coordinate calculated from the maximum-
entropy Patterson map is 0.3047, essentially identical to the
correct value of 0.3048. Moreover, the intensities of these inter-
atomic vectors are in good agreement with expected values
(Table 1) and there is even some evidence of the anisotropy of
the thermal motion of the oxygen atoms (Fig. 2f). The algorithm
has produced an optimally sharpened Patterson map and thus
opens up a productive route for the solution of crystal structures.
Evaluation of the individual squared magnitudes of the struc-
ture factor was performed by back-transformation of the
maximum-entropy Patterson map (for a full list of structure
factors see Supplementary Information). A comparison of the
following R factors shows that there is a clear superiority in
the |F(h)|* derived from the maximum-entropy algorithm over
the a priori equipartioned values.
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Rg and Ry are the R factors for the |F(h)| obtained from
the refinement of the Pawley profile and from the maximum-
entropy algorithm, respectively, and Rex is the expected R factor
based on statistical errors. N is the number of different | F(h)|
and w(h) is the inverse square o1 the estimated standard devi-
ation of |F(h)|. Moreover, for all clumps of reflections the
method correctly discriminates between strong and weak
intensities, albeit usually with a slightly reduced contrast than
for the true values. Indeed, the |F(h)® derived from the
maximum-entropy algorithm for intensity clumps containing up
to five reflections agree well with true values even at short d
spacings close to the limits of the diffraction data. A further
indication of the success with which the maximum-entropy
algorithm has optimally combined the intensity information is
provided by consideration of the sign of |F(h)|>. Although the
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FIG. 3 Evolution of the entropy and x? goodness of fit for the construction
of the maximum-entropy Patterson map. (The negative value of the Patterson
entropy is plotted as it is an intrinsically negative property.) The entropy
decreases initially as the Patterson map changes from the flat uniform
distribution to one consistent with the observed data (x>=130) after 39
iterations. Once agreement with the observed diffraction intensities has
been obtained the entropy increases to its maximum value consistent with
the x2 constraint.
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least-squares profile refinement has yielded negative values for
some |F(h)|?, all 177 |F(h)|”> obtained by back-transformation
of the maximume-entropy Patterson map are positive quantities.
In general, therefore, the |F(h)|* obtained by the maximum-
entropy method can be used to increase the potential for success
of a direct-methods approach to structure solution using powder
data.

It is worth considering two broader implications of the
maximum-entropy formalism that may have important
ramifications for ab initio structure solution. The Patterson maps
produced may be regarded as being optimally sharpened and
thus be the closest approach to a true interatomic vector map.
Although computationally expensive, this has broad implica-
tions for Patterson methods and will assist in the current revival®
of the technique as an important alternative to direct methods
of structure solution®'®. Furthermore, the formalism uses the
information content contained in negative scattering factors.
Many aspects of direct methods of structure solution from X-ray
data rely implicitly on the inherent positivity of the electron
scattering density. This poses concerns for neutron diffraction
data where the scattering density may be both positive and
negative and, indeed, weakens the power of direct methods in
such situations. Here, the negative scattering density is a bonus.
Consider, for example, a molecule in an asymmetric unit of a
unit cell and containing a single atom with a negative scattering
length. The negative peaks in the maximum-entropy Patterson
map only correspond to vectors between the negative scatterer
and all the other atoms. Such a situation bears a close
resemblance to isomorphous replacement''!* and anomalous
dipersion'? methods. Examination of the negative Patterson
features uniquely defines the location and orientation of the
molecule with respect to the negatively scattering atom. O
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Sensitivity of regional climates
to localized precipitation

in global models
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ATMOSPHERIC general circulation climate models are valuable
tools for investigating the effects that large-scale perturbations
(for example, increasing greenhouse gases', volcanic dust in the
atmosphere?, deforestation®* and desertification®) might have on
climate. Designed for global-scale climate simulations and having
coarse spatial resolutions (from ~250 km (ref. 6) to 800 km (ref.
7)) such models are now being used to evaluate climatological and
hydrological quantities at or near the land surface and at sub-
continental scales®'®, They are also being used to provide input
data for high-resolution simulations, predicting, for example, the
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effects of increasing atmospheric CO, at regional scales''. Here
we show that continental surface climatologies and climate change
predictions for tropical forest ecotypes derived from general circu-
lation models may be very sensitive to slight medifications in the
land-surface/atmosphere coupling. Specifically our results indi-
cate that improving the realism of the areal distribution of precipi-
tation alters the balance between runoff and evaporation. In the
case of a tropical forest, we find that by modifying the area over
which rainfall is distributed, the surface climatology is changed
from an evaporation-dominated regime to one dominated by runoff.
Climate studies using near-surface output from such simulations
may therefore be misleading.

The land surface is an essential component in atmospheric
general circulation models (AGCMs). A series of sensitivity
experiments'? has shown that the simulation of the Earth’s
climate is affected by the land surface®® and its represen-
tation®'?. In the past decade several models for parameteriz-
ing the land surface in AGCMs have been designed*'*'*. The
latest include detailed soil and canopy models which, under
the observed climatological forcing, realistically simulate sur-
face-atmosphere energy fluxes, temperatures and the water bal-
ance for specific locations®*. Although these land surface models
are realistic, the atmospheric quantities output by the AGCM
are not always compatible with those required by the land
surface models. For instance, virtually all current AGCMs pre-
dict the precipitation rate as a grid-element average, that is, a
single value for precipitation is calculated for each grid element
at each timestep. Thus both large-scale (such as frontal) and
small-scale (such as convective) precipitation is assumed to fall
uniformly over the entire grid element. In the case of large-scale
precipitation this may be satisfactory (particularly for models
with spatial resolutions of ~300x 300 km). In the case of small-
scale precipitation, however, this grid-average assumption leads
to a loss of physical realism. Specifically, current AGCMs pre-
dict drizzle across entire grid areas rather than intense convective
precipitation concentrated in much smaller areas within grids.
In the former situation a much greater proportion of the rainfall
will be intercepted by the vegetation canopy and subsequently
re-evaporated, whereas in the latter, more realistic situation,
throughfall and hence runoff will be much greater. This
modification in the partitioning of precipitation between runoff
and evaporation has the potential to affect the energy and
hydrological balance of the land surface. It may also cause
systematic changes in the predictions by AGCMs once feedbacks
are incorporated. These effects will be most pronounced in
regions where dense vegetation exists and where convective
precipitation is common, for example, in tropical forest areas.

Tropical convective precipitation can produce point-
measured precipitation intensities of 10 mm h™' but the spatial
extent of such storms is only ~100km®. At this intensity, a
canopy would saturate rapidly leading to leaf drip and therefore
a large proportion of the precipitation would reach the soil
surface where it would either infiltrate or run off. In an AGCM,
convective precipitation is spread over the entire grid element.
Assuming grid areas of 100,000 km” (~3°x 3°) and a precipita-
tion intensity of 10 mm h™' leads to a precipitation intensity
over the entire grid element of ~107>mm h™'. In this case the
canopy would intercept and retain virtually all the precipitation,
contrary to observation.

The evaporation of precipitation intercepted by a canopy
occurs very rapidly in comparison to the evaporation of water
that infiltrates the soil surface. The low precipitation intensities
‘predicted’ by AGCMs could therefore lead to fundamentally
misleading hydrological simulations because precipitation re-
cycling from the surface to the atmosphere, in any AGCM
incorporating a vegetation canopy, will be overestimated at the
expense of increasing soil moisture or runoff. To overcome this
problem it is important to account for both the spatial extent
and intensity of precipitation in AGCMs that incorporate the
new generation of land surface schemes.
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Here we investigate, using the Biosphere- Atmosphere Trans-
fer Scheme (BATS)'®, a method of retaining the spatial extent
and intensity of precipitation for AGCMs suggested
elsewhere'®!”. Throughout this discussion water fluxes are in
units of kgm 257! (1kgm™s™'=1mms™"). It is possible to
derive an expression for surface runoff'® R, and canopy drip'’
Ry, by assuming that the local precipitation rate (over a fraction
w of the grid element) is described by a decaying exponential
probability distribution. We note that although subgridscale
variations exist in Ry, and Ry, within a timestep, knowledge
of the distribution of local precipitation is not propagated—at
the end of a timestep the soil moisture and intercepted water
are assumed to be distributed uniformly within the grid element.
This is clearly inconsistent with the definition of the net flux of
water at the surface, P,, but no method yet exists to account
for subgridscale variations in intercepted water and soil moisture
in AGCMs. Expressions for R,,; and Ry,;, are given by

— Fs
Rsurfzpsexp( l; ) (1)

s

where F, is the maximum surface infiltration rate, assumed
constant over the grid element. Similarly, the canopy drip rate is

—uF,
Rdrip = Pc exXp ( l;; C) (2)

c

where P, is the precipitation intercepted by the canopy and F,
is the maximum canopy infiltration rate, assumed constant over
the grid element. F, is defined as the difference between the
canopy storage capacity and the water stored on the canopy,
divided by the model timestep.

In the standard version of BATS, R,,,; is given by

Rsurf:B4Ps (3)

where B is a depth-weighted ratio of the soil wetness. Equation
(3) predicts R,,;>0 when any water falls to the surface. The
canopy drip is usually determined by the storage capacity S
(kg m~?). In a timestep At when the mass of intercepted water
per unit leaf area C (kg m~2) on the canopy exceeds S, all water
in excess of S falls to the surface

Rdrip:(c—s)/At (4)

Here we replace these standard formulae by equations (1) and
(2).

Using the modified version of BATS in a stand-alone mode'®
(that is, uncoupled from the GCM), and prescribing atmospheric
forcing (including precipitation, air temperature, solar radiation,
downward near-infrared radiation and wind speed) with
seasonal and diurnal cycles from climatological estimates'®, the
model was integrated for a two-year simulation to investigate
the sensitivity of the land surface to changes in the definition
of u. Here we report results of the second year of integration
(these results are independent of initial conditions) for a tropical
forest, with u set to 1.0 (rainfall over the whole grid element),
0.5 and 0.1. The results from the control simulation using the
standard version of BATS are also included. We consider
tropical forest and tropical rainfall because the dense canopy
and the high leaf-area index typical of this ecotype leads to a
high sensitivity to the type (and here the spatial extent) of
precipitation simulated by AGCMs and because of the number
of Amazonian deforestation experiments conducted using
AGCMs**'? These results are, however, likely to be appropriate
to all regions where precipitation falls at spatial scales less than
the resolution of the AGCM.

Figure 1 shows four sets of histograms of precipitation,
evaporation and runoft for the four simulations. In each case
the monthly total precipitation is identical, as is the atmospheric
forcing but the fraction of the grid square over which the
precipitation is prescribed to fall is variable.

The control simulation using the standard BATS model (Fig.
1a) shows that the seasonal variation in evaporation is limited,
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FIG. 1 Results from the second year of four 2-yr stand-alone
simulations showing the seasonal variation in the precipita-
tion (open bars), evaporation rates (solid bars) and runoff
(hatched bars) for a the control simulation (standard BATS
without the u-parameterization), b, BATS plus the w-para-
meterization with © =1.0; ¢, u =0.5; d 1 =0.1. The precipita-
tion forcing varies from 34 mm month™* in December to
440 mm month™ in July. The air temperature varies sea-
sonally and diurnally, with the annual maximum in March-April
(301 K) and the minimum in July-August (298 K) and a diurnal
temperature range of 3 K. The wind velocity (at the height of

(mm month™)

the canopy) is constant at 3ms™ and the atmospheric
pressure is constant at 1,000 hPa. Solar radiation varies
seasonally and diurnally and is reduced after rainfall in an
attempt to simulation the gross effects of cloud cover.
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with the precipitation in excess of evaporation during the sum-
mer months (JJA) forming runoff. BATS incorporating the wu-
parameterization (replacing equations (3) and (4) by equations
(1) and (2)) produces very different simulations. Figure 1b
(n = 1.0) shows much higher evaporation fluxes and very little
runoff. For u = 1.0, the precipitation is distributed over the entire
grid square leading to relatively low intensities. The dense
canopy of the tropical forest intercepts much of the rainfall
leading to higher monthly evaporation, but much lower runoft
rates.

Although the spatial extent of precipitation in Fig. 1a, b is
the same (distributed over the entire grid element, although
non-uniform in Fig. 1b) it is clear that the resulting simulation
of evaporation and runoff is quite different because the actual
formulations of R, and Ry, are different. This leads to a
change in the amount of precipitation that is intercepted and
evaporated or that reaches the soil surface. The differences
between Fig. 1a, b show how sensitive the simulation of the
partitioning of precipitation between runoff and evaporation is
to minor changes in the formulation of the land surface in
AGCMs.

As u is reduced from 1.0, the effective precipitation intensity
is increased and interception rates are reduced, leading to lower
evaporation and higher runoff. Figure 1¢ shows the case for
u=0.5. Evaporation shows some dependence on season
(although less than in Fig. 1b) and high runoff during the
summer months. Figure 1c¢ shows negligible runoff in April,
October and November, however, in contrast to Fig. 1a. Finally,
Fig. 1d shows the simulation for u =0.1. Here, precipitation is
concentrated over 10% of the grid element, hence its effective
intensity is relatively high. Figure 1d shows that there is relatively
little evaporation except in February, March, April, November
and December when evaporation rates are comparable with the
minimum rates in Fig. 1a-c. The runoff simulated with x =0.1
is dramatically higher than in the previous simulations. The high
precipitation intensities lead to very low interception and high
runoff rates for seven months of the year. In this case the canopy
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becomes saturated rapidly in a precipitation event, leading to
high throughfall and subsequently large runoff rates.

The change from Fig. 1a or Fig. 1b to Fig. 1d is somewhat
similar (decreased evaporation and increased runoff) to model-
led results of tropical deforestation® although the only disturb-
ance is in the spatial distribution of a constant precipitation
amount falling on unchanged tropical forest. This implies that
recent estimates of the impact on climate of tropical
deforestation®*'? are inconsistent because two*'® include some
description of subgridscale precipitation and two>** include a
canopy parameterization. It is probably unrealistic simply to
incorporate a u-parameterization without considering very care-
fully the likely impact on the hydrology, which is a function of
the canopy scheme. The relative and combined importance of
subgridscale precipitation and vegetation must be more
thoroughly investigated.

The quantitative values in the histograms of runoff and
evaporation in Fig. 1 are of less importance (because minor
changes in the land surface parameterization or in the prescribed
atmospheric forcing would alter magnitudes) than the relative
shapes of the seasonal distributions. The differences in the
seasonal distributions shown in Fig. 1a-d are of considerable
importance to potential users of AGCM simulations for quan-
tities at or near the land surface. Figure 1 shows clearly that the
surface hydrological climatology is highly sensitive to atmo-
spheric ‘forcing’, in this case precipitation. Simply by changing
the area over which precipitation is distributed, the surface
climatology can be changed from an evaporation-dominated
regime (Fig. 1b) to one dominated by runoff (Fig. 1d).

By prescribing atmospheric forcing, feedback effects between
the surface and the atmosphere are prevented. As it is not
obvious what direction feedbacks would take, it is unclear
whether the simulations presented here are amplifications of the
fully interactive result, or whether the results are damped. It is
therefore necessary to analyse the w-type parameterization in
an AGCM before developing the methodology further.

These simulations suggest that it may not be possible to
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improve the simulation of climate at the land surface by improv-
ing only the land surface models. Advances in land surface
modelling must be made in tandem with improvements in the
coupling between the land surface and atmosphere. The addition
of vegetation and soil processes to AGCMs improves physical
realism, but it also has the potential to increase the sensitivity
of the surface to the atmosphere. If incorporation of these more
complete land surface submodels is considered desirable then
the simulation of precipitation, including its subgridscale varia-
bility, must be improved. We do not necessarily claim improved
accuracy for any of the regimes illustrated in Fig. 1, because
observational evidence is not yet sufficiently accurate to validate
any particular simulation. Rather we point out that including
the effects of spatial heterogeneity in precipitation increases the
physical realism of the model simulations and therefore its
consequences must be fully investigated.

The distribution of precipitation within grid elements needs
to be incorporated into the AGCMs that include vegetation. Its
calculation is fairly straightforward®® but even specifying pre-
cipitation intensities of large-scale and small-scale precipitation
events as different but constant values'®'” would improve the
simulation of near-surface quantities. This approach is
dangerous, however, because a constant value for u could lead
to a climatology dependent on the value chosen for u. Figure
la-d implies that using AGCM simulations of near-surface
variables from models that incorporate a parameterization of
vegetation, but do not consider subgridscale variability of

precipitation, are misleading. Our results indicate that using
results of AGCMs for regional-scale impact studies of, for
example, greenhouse warming or deforestation might be very
misleading unless the limitations of the model are clearly
understood. O
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QUATERNARY sequences of interbedded aeolian silts (loess) and
buried soils (palaeosols) potentially provide one of the best terres-
trial records of past climates'~*. Magnetic susceptibility variations
in loess and palaeosol sequences from China are strongly corre-
lated with climate-induced fluctuations of oxygen isotope ratios
in deep-sea sediments>**>, As an explanation of this correlation,
it has been suggested that the recorded variations in magnetic
susceptibility depend primarily on the degree of dilution by non-
magnetic bulk loess constituents of a uniform magnetic assemblage
derived from remote but unknown seurces®®, It has also been
suggested that such a model, involving changes in the accumulation
rate of loess superimposed on a constant flux of magnetic particles,
provides a relative geological timescale through the control of
loess deposition by astronomically modulated climate fluctu-
ations’. Here we report a preliminary test of this model using rock
magnetic properties especially sensitive to variations in magnetic
grain size. Our results show that palaeosols are characterized by
much finer magnetic grain size assemblages than are the interven-
ing loess units. This suggests that a simple model based on constant
magnetic influx and dilution by variable amounts of non-magnetic
loess is inadequate. Our magnetic measurements establish the
close comparability of the fine grained magnetic minerals in the
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palaeosol samples to those in contemporary soils and thus point
to a partially pedogenic origin for the magnetic mineral assem-
blages in the palaeosols.

Here we present results obtained from two groups of samples.
One (Fig. 1) consists of 17 samples of late Pleistocene loess and
a palaeosol from Xifeng, Gansu (35.7° N, 107.6° E). The other
(Fig. 2a, b) consists of samples taken from eight successive
palaeosols and the loess units above and below them in the
upper part of a Quaternary loess section near Lanzhou, Gansu
(36.1° N, 103.8° E). Magnetic measurements were made on air-
dried, disaggregated and weighed subsamples.

Several recent studies describe the instrumentation used for
magnetic measurements and outline the way in which they may
be interpreted®''. These studies show how rock magnetic
measurements, which reflect variations in magnetic mineralogy
and grain size, can be used to characterize soils, dusts and
sediments, to differentiate them and to establish their origins.
Here the results from Xifeng (Fig. 1) are plotted in stratigraphic
sequence, whereas those from the Lanzhou section (Fig. 24, b)
are presented as bivariate plots.

Figure 1 shows that field and laboratory measurements of the
profile of the magnetic susceptibility are in excellent agreement,
and that the latter are only slightly affected by expressing the
results on a carbonate-free basis. The magnetic susceptibilities
in palaeosol horizons are over three times higher and the x4
and yarwm values, which are strongly correlated, generally five
to seven times higher than those in the loess. Moreover, vari-
ations in the normalized quotients x¢4(%) and xarm/STRM are
positively correlated and in SIRM/ x negatively correlated with
those in bulk magnetic susceptibility. These variations must
therefore reflect differences between the samples in the relative
proportions of different magnetic components, and cannot be
caused simply by changes in the degree of dilution by non-
magnetic constituents in the samples. More specifically, vari-
ations in yarm/SIRM can be explained only in terms of the
behaviour of the remanence-carrying minerals and cannot be
affected by paramagnetic or diamagnetic components.

Measurements of IRM acquisition (not shown here) confirm
that all samples from both sections attain 92-97% of the SIRM
in a forward field of 300 mT. Therefore we conclude that the
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