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pejus temperatures is much narrower than that

between the critical temperatures (T
c
), beyond

which the animal only survives for short peri-

ods (see the figure). 

As in other animals, continued cardiac

function is essential in fish, but coronary cir-

culation is normally sparse. Thus oxygen to

the fish heart is primarily provided by the

venous blood returning from the body (7).

The oxygen concentration of venous blood

declines if cardiac output does not increase

in proportion to the rise in metabolism that

occurs with elevated temperature (8). These

problems are exacerbated by the fact that the

concentration of physically dissolved oxy-

gen in the water declines progressively with

increased temperature. As a result, the heart

is likely to limit the aerobic scope, rendering

the fish more vulnerable to predators and

less effective as a forager.

The novel discovery of Pörtner and

Kunst is their observation of a strong nega-

tive correlation between estimated popula-

tion sizes and summer temperatures over

the past ~50 years. On a shorter time scale,

the authors also found that warm summers

strongly reduced population size the follow-

ing year. It remains difficult to establish

increased temperature as the mechanistic

cause for the population decline, but the

correlation to the pejus and critical thresh-

old temperatures derived from laboratory

data is persuasive. 

The temperatures causing population

declines are considerably lower than the crit-

ical temperatures. The population appears to

decline before temperature threatens sur-

vival of the individual. Thus, lowered scope

for growth and reproduction, rather than

heat-induced death per se, appears to cause

the population decline. 

A potential limitation of the study by

Pörtner and Kunst is the difficulty of assess-

ing the role of acclimatization. The temper-

atures to which an animal has previously

been exposed can improve its ability to

survive heat and cold, and can affect the

thermal thresholds at both low and high

temperature (9). The tight correlation be-

tween summer temperatures and population

size observed by the authors may, never-

theless, indicate that such thermal adapta-

tion is exhausted for eelpout in their most

southern distribution range. Indeed, a lack

of an acclimatory response in marine ani-

mals has previously been correlated with

the inability to handle thermal shifts (2, 10). 

Population dynamics are complex and

depend on many biological and physical

parameters, but as shown by Pörtner and

Kunst, a thorough understanding of physio-

logical limitations may provide the neces-

sary insight to determine how global warm-

ing affects animal performance (11). The

association between thermal tolerance of the

oxygen transport system and population

declines shows that old-fashioned physiol-

ogy can be essential for understanding how

temperature determines the geographical

distributions of animals. 
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No unpolluted regions remain in today’s
atmosphere. How can we estimate the aerosol
content of the atmosphere before there was
human activity?Aerosols Before Pollution

Meinrat O. Andreae

ATMOSPHERE

A
tmospheric aerosols play a large role

in human-induced climate change

because of their effects on solar radia-

tion transfer and cloud processes. To assess the

impact of human perturbations on the atmo-

sphere’s aerosol content, we need to know the

prehuman aerosol burden. This is especially

important for understanding the cloud-medi-

ated effects of aerosols on climate, because

cloud properties respond to aerosols in a non-

linear way and are most sensitive to the addition

of particles when the background concentra-

tion is very low (1). Because cloud droplets can

nucleate only on particles above a certain size

(typically about 60 to 90 nm), this subset of the

aerosol population—called cloud condensa-

tion nuclei (CCN)—is of particular impor-

tance. In the following, I try to provide a rough

estimate of what CCN concentrations might

have been in the prehuman atmosphere.

Information about atmospheric aerosol

contents in the absence of human activity is

very difficult to obtain. Human activities are

causing the emission of huge amounts of

aerosol particles and their gaseous precur-

sors. Aerosol particles have typical atmo-

spheric lifetimes of 3 to 10 days; on average,

after three such lifetimes, about 5% of the

initial burden remains in the atmosphere.

Given that air masses can easily travel sev-

eral thousand kilometers in 15 days, there are

really no places where we can expect to find

truly pristine conditions, especially in the

Northern Hemisphere.

Aerosol concentrations approaching pris-

tine conditions are mostly found over the

oceans, especially in the Southern Hemi-

sphere, where large expanses of open ocean

and a low density of population and industry

contribute to keeping the human impact at

a minimum. The natural aerosol over these

remote ocean regions consists mainly of a

mixture of sea salt particles, organics, and

sulfates from the oxidation of biogenic

dimethylsulfide; some mineral dust and smoke

from wildf ires may also be present (see

the figure). In biologically productive ocean

regions, typical concentrations of CCN are in

the low hundreds per cm3. Much lower con-

centrations of a few tens of CCN per cm3 are

found over the mid-latitude oceans in winter-

time, when biological and photochemical

activity are low.

The determination of pristine CCN con-

centrations over continental regions presents

a much more difficult problem. Measure-

ments at sites away from obvious sources of

pollution are very few, and even among these

data, it is usually difficult to assess how

much of the observed aerosol results from

pollution. Aerosol compositions at remote

sites in the Northern Hemisphere suggest

that the continental “background” aerosol

nowadays consists mostly of pollution aero-

sols at varying levels of dilution: The con-

centration of black carbon, a unique indica-
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tor of combustion and pollution, is strongly

correlated to that of the dominant sulfate

and organic aerosols (2). Even in the

Southern Hemisphere, pollution aerosols,

especially from biomass burning, dominate

in most continental areas, with CCN con-

centrations typically in the upper hundreds

to thousands per cm3.

Over remote continental regions, the

cleanest conditions prevail when unpolluted

air masses of marine origin flow over nearly

uninhabited lands. For example, measure-

ments have been made in the center of the

Amazon Basin during the rainy season, when

clean air masses from the Atlantic Ocean are

transported for several days over the Amazon

forest. CCN concentrations were in the low

hundreds per cm3, more or less identical

to the concentrations over the tropical

oceans (3). Similar concentrations have been

reported from other remote continental sites,

such as southeast Australia, the western

United States and Alaska, and northern

Finland (4–7). Clearly, all these measure-

ments represent upper limits to the natural

CCN populations, because even these loca-

tions are influenced to varying degrees by the

long-range transport of pollution.

An alternative way of assessing the pris-

tine continental CCN background is by esti-

mating the number of new particles in the

CCN size range produced from biogenic pre-

cursors at remote sites. During summer,

bursts of particle production occur in such

places about twice a week, but this mecha-

nism cannot sustain a substantial CCN popu-

lation on a continuous basis. To get a more

representative perspective on aerosol particle

formation, Tunved et al. (8) determined the

increase in the number of particles as air

masses traveled from the Atlantic over land

to research sites in Finland. Particle numbers

increased with travel time and the rate of ter-

pene emission from plants. At typical ter-

pene emission rates, total particle concentra-

tions of ~1000 to 2000 per cm3 were reached,

of which ~100 to 300 were larger than 90 nm

and therefore potential CCN.

These data are from a region where

nucleation is favored because of trace

amounts of anthropogenic SO
2
, and they

only apply to the spring and summer seasons.

Thus, they probably still represent an upper

limit to natural CCN production at mid-lati-

tudes. Overall, natural production of CCN-

active particles over biologically active

regions on the continents probably cannot

account for more than 100 to 300 per cm3,

not much greater than the levels found over

the oceans. During the cold seasons, much

lower particle production must be expected.

In recent years, modelers have tried to

reproduce pristine aerosol conditions by run-

ning their global chemistry/transport/climate

models with industrial or anthropogenic

sources turned off (9). Unfortunately,

the production rates and mechanisms for

primary biogenic aerosols (plant particles,

spores, microbes, etc.) and secondary or-

ganic aerosols (from natural hydrocarbons)

are still very poorly understood. These two

components may be responsible for a large

fraction of the natural continental aerosol,

and current model results can therefore only

be considered rough estimates of preindus-

trial aerosol abundance over the continents.

This applies especially to number concentra-

tions and size distributions, which are our

primary concern here.

I am not aware of any modeling studies

that have attempted to look at the atmosphere

before the advent of humans. Instead, the

models use as a reference state either the

preindustrial period or the present-day atmo-

sphere with anthropogenic sources turned

off. All models agree that anthropogenic

emissions have caused large enhancement

of aerosol loads even over remote parts

of the continents, with typical enhance-

ments by 50 to 300% over remote regions

of Asia, North America, and

South America. From these

studies, we can estimate pre-

industrial CCN concentrations

over the continents of 50 to 200

per cm3, similar to the values

over the remote oceans in the

same models. Higher aerosol con-

centrations are predicted over the

tropical continents, because of

biomass burning by preindus-

trial human populations. 

Thus, prehuman aerosol lev-

els may have been very similar

over continents and oceans, rang-

ing from a few tens per cm3 in

biogenically inactive regions

or seasons to a few hundreds per

cm3 under biologically active

conditions. This conclusion ren-

ders invalid the conventional clas-

sification of air masses into mar-

itime and continental according

to their aerosol content. It also implies that,

before the onset of human-induced pollution,

cloud microphysical properties over the

continents resembled those over the oceans,

whereas nowadays, cloud processes over most

of the continents are shaped by the effects of

human perturbation.
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Sources of aerosol particles to the natural atmosphere. Primary particles—such as sea spray, soil dust, smoke
from wildfires, and biological particles including pollen, microbes, and plant debris—are emitted directly into the
atmosphere. Secondary particles are formed in the atmosphere from gaseous precursors; for example, sulfates form
from biogenic dimethyl sulfide and volcanic sulfur dioxide (SO

2
), and secondary organic aerosol from biogenic volatile

organic compounds.
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