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Traditional Köhler theory1 describes the
equilibrium vapour-pressure relationship
between liquid solution particles and
humid air. Here we present the concept of
multiphase–multicomponent Köhler theo-
ry, which reveals that stable cloud droplets
of size 1–10 mm could exist in air with a rel-
ative humidity of less than 100%. This may
explain the occurrence of persistent large-
droplet fogs or smogs such as previously
existed in London and which are now
found in various heavily polluted locations,
near the exits of chimneys and in the
plumes of volcanoes. 

Assumptions are usually made, explicitly
or implicitly, that the solute mass in a
droplet is fixed as it grows in size. The result
is that a critical size exists at which the

Raoult effect (depression of vapour pres-
sure due to dissolved substance) just bal-
ances the Kelvin effect (increase of vapour
pressure due to droplet curvature). Above
that size, a droplet is said to be activated
and will grow spontaneously if the ambient
supersaturation remains at or above the
respective equilibrium value.  However, this
ordinary Köhler formulation does not
describe droplets in which the solute derives
from either slightly soluble aerosol
particles2 or soluble gases3,4. 

We consider a situation in which aerosol
particles containing both hygroscopic mat-
ter (salt) and a weakly soluble or insoluble
core, are suspended in humid, polluted air.
The particles absorb water, highly soluble
gases such as nitric acid (which are depleted
from the vapour due to the uptake by the
particles), and weakly soluble gases (with a
roughly constant gas concentration). The
weakly soluble core is assumed to keep the
surrounding liquid as a saturated solution
until it has fully dissolved. At equilibrium,
the saturation ratio of water vapour (S)
equals the equilibrium vapour pressure
(psol,w) of water over a solution droplet of a
given radius (r) divided by the water vapour
pressure over a plane surface (ps,w), which is
given by:

S4 (1)

≈1& 1xws1xwg1 1

Here r0 is the radius of the core, a/r describes
the Kelvin effect, xws and xwg are the mole
fractions of the weakly soluble species origi-
nating in the aerosol particle and in the gas
phase, respectively, bs/(r31r0

3) describes the
Raoult effect of the soluble salt, and ba(r) is
the term accounting for the highly soluble,
condensing trace gas5.

Figure 1 compares the traditional Köhler
curve to the more complete multiphase–
multicomponent theory. The particle sizes
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constant (dashed line, Fig. 1). After the
deposition of littoral sands at 8,500 yr BP,
inundation due to rapid sea-level rise
allowed the accumulation of muds at a rate
exceeding subsidence. Starting at 950 yr BP,
more rapid accumulation of sands (~15
mm yr11) brought the sediment level up to
sea level, and allowed deposition to keep
pace with subsidence.

The main cause of subsidence in this
delta region is ongoing faulting, as well as
downwarping, of the underlying 3000 m of
Late Miocene to Quaternary sequences10.
The whole northern Nile delta plain has
been lowered north of a flexure roughly
30 km inland from the coast2. Vertical dis-
placement of our dated Holocene sediments
provides the most accurate means to mea-
sure long-term subsidence, rates of relative
sea-level rise and recent sediment accumu-
lation in this region.
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and compositions are selected as realistic
examples as are the concentrations of
water-soluble gases. We have not included
in the curves the effect of a slightly soluble
gas. For simplicity, we assume that the high-
ly soluble substances do not influence the
solubility of the weakly soluble substances
(a conservative approximation). What
becomes evident is that the combination of
the amount of solute from the soluble gas
and/or the slightly soluble aerosol particle,
along with the vapour pressure reduction
due to the Kelvin effect for the increased
initial size of the slightly soluble particle,
may be sufficient to keep the saturation
ratio below unity for droplet sizes up to ~10
mm. In retrospect, this result is evident in
the traditional simple formulation of the
Köhler equation6:

S41& 1 (2)

because S*1 if b/r 3 ¤a/r, which simply
depends on the magnitudes of a and b.
What we have pointed out is that realistic
particle sizes, particle solubilities and gas
concentrations exist to cause this to hap-
pen. In fogs formed by these processes, the
cloud-drop-sized particles are thermody-
namically similar to submicrometre ‘haze’
particles. However, without sophisticated
physicochemical methods, they are physi-
cally indistinguishable from classical, ‘acti-
vated’ drops.
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Figure 1a, Conventional Köhler curve for a 30 nm
dry particle consisting of ammonium sulphate at
298 K. b, A similar particle containing an additional,
insoluble 500 nm core (the amount of ammonium
sulphate is the same as with a). The effect of insol-
uble material has been studied in detail7. c, Particle
containing a slightly soluble 500 nm core. The solu-
bility used8 (0.00209 g cm13) corresponds to that of
CaSO4. The sharp minimum of the curve shows the
point at which all of the core is dissolved. CaSO4

particles occur commonly in air, and dissolved
CaSO4 has been found in fog-water collected in the
Po Valley, Italy9. d, Effect of an added, highly soluble
gas, nitric acid. Initial gas-phase concentration of HNO3 was 1 p.p.b.v., and the Henry’s law constant used10

(mole-fraction scale) was 853.1 atm11. Because nitric acid is allowed to deplete from the gas as it is
absorbed by the droplets, the term ba(r) in equation (1) depends on the aerosol number concentration,
which in this case was assumed to be 100 cm13. Aerosol size distribution was taken to be monodisperse (a
qualitatively similar curve would result if the aerosol population was 1,000 cm13 and initial HNO3 concentra-
tion 3 p.p.b.v.). The smooth minimum in the curve is caused by the depletion.
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A new west African
chimpanzee subspecies?

We have sequenced a portion of the mito-
chondrial DNA control region from the
hairs of Nigerian chimpanzees living on
both sides of the Niger River, which is pro-
posed as a biogeographic boundary. Our
data suggest that a previously unrecognized
type of chimpanzee may be present in
Nigeria and adjacent parts of Cameroon,
and that the zoogeographic barriers separat-
ing chimpanzees are different from those
previously proposed.

Three subspecies of the common chim-
panzee are generally recognized: west African
Pan troglodytes verus, central African P. t.
troglodytes and east African P. t. schwein-
furthii with the lower Niger River separating
P. t. verus and P. t. troglodytes1. Mitochondrial
DNA (mtDNA) sequences2 are consistent
with this view although they tentatively ele-
vate P. t. verus to the status of a full species
(Pan verus). Given the 1,700-km gap in the
sampling distribution between western and
central African chimpanzees in ref. 2 (Fig.
1a), the long-term genetic isolation of P. t.
verus populations has been questioned3. 

To investigate geographically intermedi-
ate populations and the phylogeographic
‘break’ between subspecies believed to occur
at the lower Niger, we studied a 600-km span

of Nigeria (Fig. 1b), collecting 12 chim-
panzee hair samples from nests, captive indi-
viduals and skins. From those samples, we
sequenced 414 base pairs of the mtDNA con-
trol region (D-loop). A combined data set of
87 individuals, including sequences obtained
from GenBank4, was analysed using the
neighbour-joining method and maximum
parsimony and likelihood searches5, to give a
50% majority-rule consensus tree based on
10,400 equally parsimonious trees (Fig. 2).

All the Nigerian chimpanzees, from both
sides of the Niger, form a single, distinct clus-
ter, most closely allied with the P. t. verus
clade. Two genetically distinct chimpanzee
forms are inferred in west Africa: one group
restricted to far-west Africa (Senegal to
Ghana) and the other from Nigeria and
probably adjacent parts of Cameroon. 

In the sequenced mtDNA region, the two
west African lineages differ at least as much
as do the eastern and central forms. These
differences might be the result of two alter-
native taxonomies. Either Nigerian chim-
panzees are classified within P. t. verus, and P.
t. troglodytes and P. t. schweinfurthii are col-
lapsed into another subspecies, or Nigerian
chimpanzees are a separate subspecies, along
with the other three named subspecies. If a
fourth subspecies is eventually recognized,
the name vellerosus seems to be available6.
These proposals need to be confirmed by
more extensive sampling, sequencing of sev-
eral independent nuclear loci and morpho-
logical data.

The Niger River has been proposed to
separate western and central chimpanzees.
Our findings suggest, however, that the Niger
has not been a substantial boundary to gene
exchange. Instead, chimpanzees in eastern
Nigeria and those south of the Sanaga River
in Cameroon, separated by only 200 km, have
sufficiently divergent sequences to place them
in the western and central chimpanzee clades,
respectively. We therefore suggest that a phy-
logeographic discontinuity between western
and central chimpanzees is located some-
where between the Cameroon Highlands in
Nigeria and the banks of the Sanaga River in

Cameroon. Distribution data for several
other primates suggest the Sanaga River is an
important boundary for many taxa7. A major
genetic discontinuity has also been noted for
gorillas from western and eastern Africa8,9. 

West African chimpanzees are the most
threatened with extinction10. Chimpanzees in
Nigeria and western Cameroon are especially
endangered, as a result of hunting and habitat
destruction. These animals now appear to
constitute a genetically distinct evolutionary
unit which has been neglected in conserva-
tion planning and should be given immediate
attention.
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Figure 1a, Localities from
which chimpanzee mtDNA
was sampled by Morin et al.2

b, Sources of new samples
from Nigeria. 1, Ondo State
forests (confiscated skins); 
2, Donga Valley (captive); 3,
Mambilla Plateau (nest hairs);
4, Gashaka-Gumti National
Park (nest hairs).
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Figure 2 Phylogeny derived using a maximum par-
simony analysis of chimpanzee mtDNA D-loop
sequences. Triangles at the tips of branches repre-
sent a monophyletic cluster of individuals. Letters or
numbers after names refer to localities in Fig. 1.
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