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The increased greenhouse effect-A general review
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Denmark
Abstract. A distinction is made between the greenhouse effectand the increased or enhanced
greenhouse effect. The radiation budget of the atmosphere is reviewed, and a simple balanced
model is designed permitting the calculation of a mean surface and a mean atmospheric
temperature. The increased greenhouse effect is simulated by the model. Various calculations
illustrate the sensitivity of the model to changes in the planetary albedo and in the absorption
coefficients.
The climate system is reviewed followed by a description of the simulations of the increased
greenhouse effect with climate models. The observed climatic record is described with
emphasis on whether or not the increased greenhouse effect can be detected in the data.
Some proposals for future research are made. The social and economic issues connected
with the enhanced greenhouse effect are discussed. The paper contains finally, the main
conclusions.
Keywords. Climate models; climate simulations; climate records; climate observations;
greenhouse effect.

1. Introduction
The increased greenhouse effect has occupied the world for the last couple of decades
or so. The meteorological or, for that matter, the whole environmental c o m m u n i t y
has made large efforts to give the best possible advice to governments and the
international organizations. N o environmental issue has had such tremendous interest
as the greenhouse problem, as it is c o m m o n l y called, in society at large. The interest
has spanned the whole globe. The media has covered the issue day in and day out.
Several very large conferences have been called by the United N a t i o n s and its technical
organizations to seek action on the global scale. The nations of the world are divided
on the issues. A division exists between the large industrialized nations and the
developing nations. The countries which are the main producers of coal, oil and gas
take a stand quite different from the nations who have to purchase the raw materials
for energy production.
The issue is not restricted to the meteorological c o m m u n i t y because other factors
than the climatic parameters have entered the discussions. However, in this paper
we shall be concerned mainly with the climate problems. T h e more general issues
concerned with other aspects of global change will not be covered. One reason is
that space does not permit an adequate discussion, but the main problem is that the
a u t h o r is incompetent to discuss m a n y of these questions which require a deeper
insight and knowledge in the biological sciences than is possessed by the writer.
For the following discussion it is of importance to distinguish between the greenhouse effect and the increased (or a n t h r o p o g e n i c = m a n made) greenhouse effect. The
former has been at work in the atmosphere as long as it has had a composition
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similar to the present mixture of gases. The latter has appeared only after the increased
burning of coal, oil and gas in the industrial processes of the world. In the discussions
of the increased greenhouse effect it is generally assumed that the industrial revolution
started around 1750 which means that it has lasted about 250 years. When the media
discuss the greenhouse effect they normally mean the effect created by man and his
activities.
The interest in the increased greenhouse effect started about 100 years ago when
the Swedish chemist Arrhenius (1896) asked the general question: How sensitive is
the atmosphere to small changes in the composition? The resulting work was presented
in the Royal Swedish Academy of Sciences and already then the role of clouds was
discussed. 35 years earlier Tyndall (1861) had discussed absorption by water vapor
and various gases in the atmosphere and thereby pointed to the greenhouse effect
itself. The interest at that time was mainly of an academic nature, and nobody took
a great interest in the results for more than half a century. Actual measurements were
initiated on the mountain Mouna Loa in Hawaii in 1958 after several short-lived
attempts to obtain time series of the concentration of carbondioxide. They showed
an increasing trend, and the interest gradually grew to a real concern about the
impact on the atmosphere. That concern is still with us.
As a historical note we may mention that the greenhouse effect has obtained its
name because it was thought that the process in the atmosphere was akin to the
process going on in a normal garden greenhouse. The atmospheric greenhouse effect
is due to the absorption of outgoing long wave radiation by certain gases and a
reradiation back to the surface of the earth thereby increasing the surface temperature.
In the garden variety of a greenhouse it was thought that the glass absorbed the
outgoing radiation and thereby increased the temperature inside the greenhouse. It
turns out that this explanation is incorrect. The main reason that the temperature
increases in the real greenhouse is that the enclosure prevents the normal vertical
turbulent heat transfer close to the surface. Since no heat is transported away, the
temperature increases.
In the remaining part of this paper we shall first use a "back of the envelope"-model
to discuss the essential aspects of the greenhouse and the increased greenhouse effect.
The model is presented for pedagogical purposes to give students an opportunity to
explore the main mechanisms at work albeit schematically. Thereafter we shall proceed
to give a brief review of the climate system and its various components pointing to
the need for comprehensive models of the whole system. We continue by giving a
review of the most important simulations of the increased greenhouse effect by global,
three-dimensional models followed by a comparison of these results with the "observed"
record of mean temperatures. The last section will contain a discussion of possible
future actions.

2. A schematic model

Figure 1 shows a schematic representation of the radiation budget of the atmosphere.
The incoming solar radiation, consisting of what we here will call short wave radiation,
is arbitrarily set to 100 units. The best estimate of one fourth the solar constants is
344 W m-2. This is the solar energy intercepted by unit area of the earth's surface.
This means that all the numbers in figure 1 should be multiplied by 3"44 to get them
in the same unit as one fourth the solar constant, denoted I. Of the 100 units (8 + 17
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Figure 1. A schematic representation of the radiation budget of the atmosphere.

+ 6)= 31 units are reradiated to space by scattering and reflection. The ratio
~ = 31/100 =0.31 is called the planetary albedo. It represents the fraction of the
incoming radiation unused by the atmosphere. (4 + 19) = 23 units are absorbed by
water vapor, dust and ozone leaving 46 units arriving at and absorbed by the surface
of the earth.
This absorbed short wave radiation gives one contribution to the determination
of the surface temperature of the earth, but, as we shall see, there are others. Any
body emits long wave radiation determined by its temperature. To be exact the
emitted radiation is proportional to the temperature to the fourth power, and the
proportionality factor is called the Stefan-Boltzman constant. It is denoted by a. As
can be seen from figure 1 the earth emits 115 units of such radiation, but it is also
seen that only 9 units of these go directly to space, while 106 units are absorbed in
the atmosphere by clouds, water vapor, CO2 and O a. The atmosphere thus receives
a positive contribution from the earth to the determination of its temperature.
However, the atmosphere emits also according to the Boltzman law, and figure 1
shows that 100 units are returned to the earth by this process. It is this returnflow
of energy which we call the greenhouse effect. The absorption is primarily due to the
content of water vapor and clouds which account for about 989/0 of the absorption,
while CO2 takes care of the remaining 29/0. The atmosphere receives also 7 units as
sensible heat and 24 units as latent heat from the surface of the earth. The final link
in the radiation budget is a reradiation of (40 + 20) = 60 units to space. The diagram
in figure 1 should be considered as an averaged account of the radiation budget. It
is seen to be a balanced budget because 100 units enter the atmosphere, but the same
amount leaves it.
We shall next try to see if we can use the information in figure 1 to design a
schematic model of the atmosphere from which we can compute two quantities: The
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Figure 2. The basic diagram for the simple model used in the text. bI is the short wave
absorption, cIj the long wave absorption.
mean surface temperature and the mean temperature for the atmosphere. For this
purpose we consider figure 2 which may be considered as an abstract version of
figure 1. Considering first the atmosphere we see three positive and one negative
contribution which may be formulated in the equation:
b i + v + c Z? - 2oT

= 0

(1)

where b is the absorption coefficient for the short wave radiation, c the absorption
coefficient for the long wave radiation, Vthe transfer of heat from the surface to the
atmosphere, Tj the surface temperature and Ta the atmospheric temperature, while
the other parameters have been defined already. At the surface we find two positive
and two negative contributions. The first two are the fraction of the short wave
radiation reaching the ground and the greenhouse effect, i.e. the backradiation from
the atmosphere to the earth. The negative contributions are the transfer of heat to
the atmosphere and the Boltzman radiation to the atmosphere. Formulated as an
equation we get:
(1 -

~)(1 -

b)l -

V - aTe* + a T ~ = 0

(2)

Equations (1) and (2) are easily solved for the two temperatures. In the normal case,
called Case 1, we have used the following values of the parameters:
Case 1: I = 344 W m -2
b = 0.23
a = 0.30
c = 0.92
V= 28.3 W m - 2
The value of the albedo has been set to the present best estimate, and the amount
of the heat transfer has been adjusted to give a correct value of the surface temperature.
The results are: Tj = 288 K and Ta = 253.21. The surface temperature is 15~ in
agreement with observations, while the atmospheric temperature is computed by the
model. We may think of this temperature as a mean tropospheric temperature. We
notice also that if we were able to remove the greenhouse gases then we would have
b = c = 0 . Since there would be no clouds, the albedo would be only 0.16. No
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absorption of the long wave radiation from the earth would take place, and the
equation for the surface temperature would reduce to
(1 -- ~)I = a T ~

(3)

where TR is the radiation equilibrium temperature. One finds TR = 267 K. It means that
the greenhouse effect increases the surface temperature of the earth by about 20 KI
We may next investigate how we can incorporate the increased greenhouse effect in
the "play-model". The 106 units absorbed by the atmosphere amount to 364.64 W m-2,
while the 115 units emitted as long wave radiation from the surface corresponds to
395.60 W m-2. From these two numbers we get an absorption coefficient that we in
Case 1 rounded to 0.92. The absorption is 98~o by water vapor and clouds giving
357.3472 W m - 2 leaving 7.2928 W m - 2 for the CO2 in the standard case. When the
concentration of CO2 is observed to have increased by 25~ we find that the absorption
of this gas now amounts to 9.1160 W m -2 giving an absorption coefficient of
c = 0.9264. We have therefore
Case 2: All parameters are as in Case 1 except c = 0-9264. We get
Ta = 288-43 K; change: 0.43 K
Ta = 253"84 K; change: 0.63 K
We find therefore an increased greenhouse effect amounting to about 0.5 K, a little
less at the surface and a little more for the mean temperature of the atmosphere. This
number is, strangely enough, about the sarn~eas one gets from comprehensive models.
The "play-model" may also be used to see how other changes from normal conditions
may influence the two temperatures. It has for example been proposed that together
with the CO2 entering the atmosphere from the industrial processes a significant
amount of SO2 will also be emitted. This gas will increase the reflection to space and
thus increase the planetary albedo while it will have little effect on the other processes
in the radiation budget. An estimate is that the increased albedo will be about 0.31
calculated from the fact that the SO2 returns an amount of energy equal to about
half of the amount absorbed by the increased CO2. The new albedo is therefore
(0.3 x 344 + 0"5 x 7.2928)/344 = 0.31. We consider then
Case 3: ~ = 0.31
c = 0.9264
with the result that
Tj = 287.46 K; change: - 0 . 5 4 K
Ta = 253.19 K; change: - 0 . 0 2 K
If these estimates are true we notice that the increased albedo is more effective
than the increased greenhouse effect since the surface temperature now decreases by
0.5 K while the temperature in the atmosphere remains practically constant. In any
case, these examples show how sensitive the model is to the small changes in the
parameters.

3. The climate system
When a meteorologist talks about climate or climate change, he is normally thinking
about the climate of the atmosphere defined as a time average over many years
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(normally 30 years according to the World Meteorological Organization). One could
of course, equally well, think about the climate of the oceans, but although in principle
a well defined quantity, it is unknown due to lack of observations. In this review we
shall be concerned about the climate of the atmosphere.
If one wants to account for the climate of the atmosphere on a physical basis, it
is necessary to pay attention to the interactions between the atmosphere and the
other parts of the globe with which the atmosphere is in contact. All of them appear
at the lower boundary of the atmosphere. The most well known influence on the
atmosphere comes from the oceans. In this case we are dealing with a real interaction.
The oceans influence the atmosphere by transfering momentum, sensible heat and
moisture from the oceans to the atmosphere or in the opposite direction. On the
other hand, the atmosphere has a great influence on the oceans because the wind in
the lowest part of the atmosphere provides a stress on the sea surface, and that stress
drives the ocean currents. These wind-driven currents are the well known anticyclonic
gyres in the Atlantic and the Pacific Oceans. The easterly winds in the low latitudes
drive equatorial currents.
An interaction takes place between the land masses on the earth and the atmosphere.
The most significant process is the influence of the orography of the continents on
the wind systems of the atmosphere. Theoretical studies by quite a few meteorologists
have shown that the orography creates low pressure areas downstream from the
major mountain complexes on the earth and high pressure areas upstream from the
mountains. As a matter of fact, it has been demonstrated in the last few decades that
the combined effects of the heating (and cooling) of the atmosphere and the orographic
effects account for a greater part of the motion on the largest scales in the atmosphere.
The oceans have a large heat capacity compared to the continents. This means,
among other things, that the surface temperature on land masses adjusts relatively
rapidly to the temperature in the lowest layer of the atmosphere, while this is not so
over the oceans, where the temperature difference between the surface waters and
the lowest part of the atmosphere determines the transfer of sensible heat and the
evaporation. Furthermore, we may say that the surface stress, whether over the oceans
or over the continents, accounts for a major part of the dissipation of the kinetic
energy of the atmosphere. The type of vegetation on the earth also has an influence
on the surface albedo.
The ice masses on the earth consist of the two large ice reservoirs in Antarctica
and in Greenland. In addition, there are a large number of glaciers on the various
continents and a lot of sea ice floating in the oceans in the high latitudes. Ice is in
general characterized by a high albedo, a low surface stress and of course by low
surface temperatures. It is thus seen that the ice masses may also have a pronounced
influence on the climate of the atmosphere. In addition, the orographic effects of such
ice masses as those in Greenland and Antarctica cannot br neglected.
Normally we do not think of the biological masses as great contributors to the
climate except as a modifier of the surface albedo. However, when it comes to the
greenhouse effect it should be recalled that most plants and trees absorb CO2 and
give oxygen back to the atmosphere. The carbondioxide is stored in the plants and
trees and may come back to the atmosphere if and when the biological material is
burned.
From this very superficial and brief discussion of the interactions between the
atmosphere and the various types of material at the lower boundary, it should be
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clear that the climate system may be defined as consisting of the following components:
9 the atmosphere
9 the oceans
9 the continents
9 the ice masses
9 the biological masses.
Eventually, it is the goal that a complete climate model will contain all the physical
processes that determine the multitudes of interactions between the various
components of the climate system.
The first models were called general circulation models. They were designed to
simulate the large scale circulation of the atmosphere. The first attempt to make such
a model was completed by Norman A. Phillips (1956). Even this rather simple twolevel, quasi-geostrophic model gave considerable insight in the physical mechanisms
maintaining the zonal flow and the creation of finite amplitude atmospheric waves.
Smagorinsky (1963) extended a two-level model to the global domain and was the
first to use the primitive equations. The climate models developed from these general
circulation models. For a long time the models were mainly a description of the various
processes in the atmosphere. The oceans were incorporated in the model by specifying
the sea surface temperature as an unchanging quantity in each point. In that way it
was possible to calculate the transfers of sensible heat and the evaporation, but this
arrangement is of course far removed from a truly coupled model with realistic
interactions. In such a model the ocean is constantly changing due to the stress acting
on the ocean surface and the internal dynamics.

4. The simulated increased greenhouse effect
The simulation of the increased greenhouse effect has normally been done with climate
models, but most of these models have not been coupled to the oceans. The general
procedure that has been applied is to make a long term integration with the normal
concentration of CO 2 followed by a second integration where the concentration of
CO2 is twice as large. In interpreting the results one has to remember the factor 2
because the actual increase in concentration has been only 25~. In general, one
will therefore have to divide the resulting changes by 4.
Space will not permit to describe the climate models in detail. A whole book will
be required for this purpose, and most aspects of a model are as a matter of fact,
treated by Washington and Parkinson (1986). The book may be considered as an
introduction to climate modeling. We should, however, discuss some general and
common aspects of modeling. The first will be the problems of parameterization. It
arises because many of the processes in the atmosphere takes place on a micro-scale.
Some of the processes are on a molecular scale. We may, as examples, mention many
aspects of the radiation processes and the transfer of sensible heat and evaporation
from the oceans to the atmosphere. The condensation process forming cloud droplets
from saturated water vapor and the possible evaporation of these droplets are other
examples. Since we in a given model necessarily work on a much larger scale than
the real processes, it is required to express the net result of the micro-scale processes
in terms of the model scale variables. Very often this is done by empirical formulas
containing only the larger scale parameters. Consequently we talk about
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'parameterization'. It will be seen that such a procedure cannot be without error
since the formulas are often statistical in nature.
Climate models may differ in many ways. Some are integrated using finite
differences; others by using spectral representations; some use both procedures and
change repeatedly between a field representation and a spectral representation. The
truncation, determining in a general sense the smallest resolvable scale, will vary from
one model to another. Parameterization prescriptions may vary etc.
In judging the results from a given model it is necessary to know the procedures
used in the model design. To illustrate how different the results may be we will
consider figure 3. In this figure we are looking at the results of doubling experiments
from various models. Each point gives the simulated change in the global mean
surface temperature and the percentage increase in precipitation. There are models
giving a change of more than 5 K and a single model giving less than 2 K. As one
would expect the higher temperatures are connected with larger precipitation amounts,
but also here, there is a large ratio between the smallest and the largest percentage
increase. Needless to say, these results cannot all be correct, but they show how
model dependent the simulations are. Note, the three points marked M1, M2 and
M3. They represent the results of models in which improvements have been made
in two steps such that M3 supposedly is the more realistic of the models. It would
be nonsense to average the result and say that the mean is the best possible estimate.
One may rather conclude that the best estimate at present is less than 2 K for a
doubling of the CO 2 concentration.
Figure 4 shows the distribution of the simulated temperature changes in three high
resolution models again for dbubling experiments. A common agreement is that
relatively small changes are seen in the equatorial zone, while large changes are
observed in the high latitudes in the simulations by all three models, especially in
the winter hemisphere. The simulations are 10 year averages for December-JanuaryFebruary corresponding to northern hemisphere winter. The magnitude of the
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Figure 4. Surface air temperature changes for doubling experiments from three different
models for the months: January, February and March.
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simulated changes vary greatly from one model to another being as large as 20 K in
the middle figure and as small as 8 K in the lower figure. The three models agree
also on the observation that the simulated changes are larger over the continents
than over the oceans, but little agreement is found in the distribution and magnitude
of the simulated changes. Note, for example the increase of more than 8 K northwest
of India in the upper figure and compare with the other two figures.
In the last few years some models with a coupling between the atmosphere and
the oceans have been designed and tested in a preliminary way, but a real satisfactory
design has not appeared as yet, mainly because it has been necessary to incorporate
corrections that have to be made to satisfy the integral requirements. Unfortunately,
the corrections are of the same order of magnitude as the simulated changes. This
indicates only that the coupling problems are very difficult. To understand the nature
of these difficulties we should remind ourselves that there is about three orders of
magnitude difference between the characteristic windspeed in the atmosphere and
the current speed in the oceans. To couple such systems to each other may, in a
pictorial way, be compared to designing a gearbox that can perform when an exchange
ratio of 1000 to 1 is required.
Early ocean modeling was mainly restricted to a demonstration of the wind-driven
circulation in the upper layer of the ocean resulting in the large anticyclonic gyres
in the Atlantic and the Pacific Oceans with the intensification of the currents in the
western parts of the oceans such as the Gulf stream in the Atlantic and the Kuroshio
current in the Pacific. A major discovery in oceanography has been the existence of
the so-called mid-ocean eddies. They are quite small, and they have been compared
to the lows and highs in the atmosphere since a scaling argument shows agreement
in Rossby numbers. It has also been shown that the mid-ocean eddies transport heat
and momentum just as the atmospheric counterparts.
From a modeling point of view the mid-ocean eddies create a problem. If they are
important for the general circulation and the physical processes maintaining that
circulation they should be resolved in the ocean part of a climate model. However,
such a decision would require a much higher resolution in the ocean model with a
corresponding decrease of the time step and would be very demanding on computer
time. An alternative which has been considered is to parameterize the mid-ocean
eddies but there is no simple and correct way of doing that. It would correspond to
parameterize the Rossby waves in the atmosphere, and that problem has not found
a satisfactory solution either. We are thus faced with major obstacles in designing
improved models of the whole climate system. On the other hand, the importance
of the problem remains. One cannot really obtain reliable simulations before the
mutual adjustment between atmosphere and ocean can be carried out in a better
way. If the simulations in figure 4 were correct, there would be corresponding changes
in the surface winds, which in turn would influence the wind-driven circulation.

5. Observed climatic records

The observations that started the whole concern about the impact of the increased
greenhouse effect is the time series of the observed increase of the concentration of
CO 2. It shows a steady increase since the beginning of the observations in 1958, see
figure 5. The present concentration is about 350 ppm meaning 350 parts per million
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The concentration of CO 2, measured in parts per million, as a function of time,

measured in yearsstarting with 1958,at Mouna Loa, Hawaii.

by volume. It corresponds to 0"035~o. It has been estimated that the concentration
around 1750 was 280 ppm. It means an increase of 25~. We recall from the previous
section that the most reliable climate model doubling experiment gave an increase
of a little less than 2 K. If everything was linear, it would correspond to an increase
in the global surface temperature of about 0"5 K.
It is naturally of the greatest importance to investigate if we in the observed record
can find a corresponding increase of the global mean surface temperature. While the
question sounds simple, it turns out to be a very cumbersome procedure to answer
it. The main reason is that it is no simple matter to calculate the "observed" time
series of global mean surface temperatures. It would be desirable to go as far back
as possible, but the required data are simply not available on a global scale before
the middle of the last century (1850) at the earliest. To compute a global mean at a
given time one would ideally want to have reliable observations of the surface
temperature in a dense network of stations. Considering standard data we face
immediately the problem that while the coverage over land areas is reasonably good,
we do not have the required stations in the oceanic parts of the globe. An island
station must occasionally be assumed to be representative for a vast part of an ocean.
The calculation becomes uncertain under such circumstances. Nevertheless, such
calculations have been made. Three research groups (Jones et al 1986a, b; Hansen
and Lebedeff 1987, 1988 and Vinnikov et al 1987, 1990) have prepared hemispheric
land surface air temperature variations. Figure 6 is based on these hemispheric data
collections and is taken from the report by the Intergovernmental Panel on Climate
Change (1990), hereafter called the IPCC report. These curves have been interpreted
by some scientists as evidence of the increased greenhouse effect, because the linear
trend for the Northern Hemisphere is 0.45 K/100 years for the interval 1861-1989
(Houghton et al 1990). For the Southern Hemisphere one gets 0"52 K/100 years for
the interval 1881-1989. On the other hand, the IPCC report contains also a discussion
of the reliability of the climatic records. Apart from some technical, but non-negligible
problems such as changes in the observing schedules, exposures of thermometers and
locations of stations it appears that the most serious problems are connected with
the incomplete data coverage and the changes in the environment, especially the
urbanization, that have taken place around many stations.
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The problem is to determine whether or not the increased greenhouse effect can
be discovered in the data. In principle, it is then required that all other processes
that may change the climate should be removed from the data. The requirement
presents a formidable task for the simple reason that other processes that may or
may not influence the climatic record are just as complicated and just as unknown
as the greenhouse effect itself. The climate has a natural variability independent of
man. The establishment of the climatic record by indirect methods by geologists and
glaciologists shows variation on many timescales from hundreds of thousands of
years to a few hundred years such as the little ice age from about 1250 to about 1850.
How does one remove the natural variability from the record?
A process that may change the natural variability is the influences of volcanic
eruptions on the atmospheric temperature. Minor eruptions where the ejected material
stays in the troposphere will not change the temperature field very much because the
residence time in that layer of the atmosphere is short and of the order of magnitude
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a week or two. However, major eruptions leaving substantial amounts of material
in the stratosphere where the residence time is much longer will add to the backscatter
to space, i.e. increase the albedo, and thus have a cooling effect. Analyses prepared
by Bradley (1988) have shown that the cooling may be as large as 1-0 to 1.5 K in
the period immediately after the eruption. The investigation shows also that the
temperature approaches its normal level within a time span of 1-2 years indicating
that the fall-out from the stratosphere will have been essentially completed by that
time.
The fact that such phenomena as the E1 Nifio exist introduces also a short term
variability in the climatic records, and it has been estimated that the observed trend
becomes smaller when the El Nifio effect is removed from the data for the last one
hundred years. But again, how does one remove the signal of a coupled process such
as the El Nifio, representing an interaction between the tropical winds and the tropical
oceans, when we do not yet have a complote understanding of the phenomenon?
It has even been suggested by Lorenz (1990) that the short term climatic record is
essentially chaotic. Based on a low-order dynamical model he argue s that the external
forcing in the winter time is so large that the resulting circulation becomes chaotic
and stays chaotic to the spring time when the external forcing goes below the threshold
value for maintaining the chaotic state. If this were so the state of the atmosphere
would in the springtime be totally uncorrelated with the state in the preceding fall,
or expressed differently the "memory" of the atmosphere would be short. We do not
yet know if the above theory is correct because a number of stabilizing effects such
as the beta effect were neglected in the theory, but we do know, on the other hand,
that the atmosphere is basically chaotic most of the time from the more well established
demonstration of the limited predictability.
The great difficulties in removing other signals from the possible signal from the
increased greenhouse effect have created other questions which may be answered.
Hanson et al (1989) has for example created a data set for the continental part of
the United States (eXcluding Alaska and Hawaii) where all efforts have been made
to remove all the known errors from the climatic records including the technical
errors and the urbanization. His temperature record is reproduced in figure 7.
Statistical methods, based on rank correlations, can be used to determine whether
or not a significant change of the mean value has taken place in the time interval
covered by the climatic record. For the record presented in figure 7 the answer is
that no significant change has taken place.
The large emphasis on the global mean values has been caused by the fact that
large differences exist in the computed regional temperature changes in the doubling
experiments of the increased greenhouse effect making such regional estimates too
unreliable. One may even question the reliability of the zonally averaged computed
temperature changes because of the unrealistically large simulated changes in the
high latitudes. In view of these statements one may indeed ask if an emphasis should
not be placed on globally averaged one-dimensional models in the future from a
scientific point of view.
On the other hand, from a practical point of view the decision makers cannot be
satisfied by the answers from globally averaged models since politics often is a local
or at most a regional activity. The question is always: What is going to happen in
my region? With the danger of being too colloquial we present a comparison between
the two periods 1931-60 and 1961-90 for Denmark as prepared by Denmarks
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Figure 7.

The temperature for the contiguous United States. The data are averages weighted
with respect to area. National (urbanisation adjusted). Annual.

Figure 8. The difference in temperature between the two intervals 1931-60 and 1961-90
for each m o n t h of the year. The m e a n temperatures are given in the small boxes on top.
Annual m e a n s are given at the extreme right. The columns give the difference between the
latter and the former interval for each month. Bars are standard deviations from the mean.
(aaret = year, foraar = spring, efteraar = fall). A positive value m e a n s that it has become
warmer. Numbers apply to Denmark.

Meteorological Institute (Frich 1990). From the climatological records we have
monthly averages for temperature, cloudiness and sunshine hours for the two periods,
and it is then possible to compute differences between them. Figure 8 presents the
computed temperature differer~ces. For the annual mean one finds a decrease of the
temperature by 0.3 K. It arises essentially from lower temperatures in the period
from April to September, inclusive, while higher temperatures are found in February,
March and October. Expressed in another way, the Danish climate has become more
maritime in the period 1961-90 than in 1931-60. Figure 9 gives in a similar arrange-
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Figure 9. Arrangementas in figure 8, but now for precipitation ( = nedbclr) measured in
mm. For the year the increaseis 44 mm correspondingto 6.6%.

ment the results for the precipitation. Looking first on the annual average we observe
that the precipitation has increased by 44 mm in the comparison between the two
periods. The increase is distributed in such a way that the intervals from March to
June and from October to December are responsible for the increases, while the
summer months have been more dry in the latter than in the former period. The
increased precipitation should be connected with an increase in cloudiness, but cloud
statistics is notoriously difficult and has not been prepared. Replacing such a figure,
figure 10 shows the number of sunshine hours. They should decrease if cloudiness
and precipitation have increased, but the number of sunshine hours apply of course
to the day time hours only. From the figure we observe the expected decrease by
about 5~o on an annual basis. The major decrease is observed in the interval from
March to October.
The three figures applying to Denmark's climatology are an example of the kind
of investigation that can be made in almost any nation of the world. They are presented
here with the hope that other countries will do similar comparisons. While the figures
apply to Denmark only, a certain comparison has been made with similar statistics
in the neighbouring countries of Sweden, Norway and Germany showing that similar
trends are observed there. It is as a matter of fact known that the cooling shown on
figure 8 fits into a general cooling area going across the Atlantic in the latitude
interval 50 to 60 N and covering also the major part of western Europe except Spain.
In spite of the fact that Denmark does not represent an area in which there is evidence
for the impact of the increased greenhouse effect the government has nevertheless
introduced a tax on emissions of greenhouse gases. The electric power companies
put the tax on the electricity bill.
The natural, perhaps even chaotic, variability of the climatic record combined with
a number of processes (the volcano effect, the El Nifio, etc.) makes the verification
of the simulated increased greenhouse effect a most difficult task. It is at least as
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Figure 10. Arrangementsas in figure8, but for sunshinehours ( = soltimer).For the year
the decreaseis 4.9%.

difficult to verify as it is to design the model simulations. The statement in the IPCC
report is: "The size of the warming over the last century is broadly consistent with
the predictions of climate models, but is also of the same magnitude as natural climate
variability". Under these circumstances no firm conclusion can be made. The IPCC
says further: "The unequivocal detection of the enhanced greenhouse effect from
observations is not likely for a decade or more ..... " a n d "Furthermore, any changes
to date could be masked by natural variability and other (possibly man-made) factors,
and we do not have a clear picture of these" (underlined by the author).
In view of the many difficulties connected with the climatological records across
the world alternative ways of exploring recent changes have been suggested. One
possibility is to make use of the global analyses that are prepared by a few meteorological forecasting centers across the world. The advantages in such a proposal are that
the analyses are made for many layers in the atmosphere; that a new analysis is
prepared every 6 hours at some of the centers; that the analyses are made objectively
with the same system each time; and that the processing of the data is relatively
straightforward. But there are also disadvantages. A major one is that such analyses
have been produced systematically only since 1979 giving a very short record
compared to the surface climatological records. In using these analyses one has to
check on the times when changes may have been made to the analysis procedures,
and one has to be aware of possible constraints that may have been imposed on the
analysis.
It would appear to the author that this proposal may represent the best way of
monitoring the atmosphere and its behavior in the future. It has therefore been
proposed by the author and others (including the World Climate Research Program)
that the global analyses should be repeated from 1979 u.~ingthe best possible analysis
system, and that the analyses should continue for the foreseeable future. A decision
to follow such a plan has been made in principle by the Member States of the

The increased greenhouse effect

19

Global Mean Temperature

1000 hPa
16

16

12
197'

I
1981

I
1983

I8
19 5

I
1987

I
1989

12

Figure l l . The global mean temperature for the 1000 hPa surface based on global analyses
from ECMWF for the years 1979 to 1990.
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European Centre for Medium-Range Forecasts, but the practical execution of the
plan has not yet commenced.
Some preliminary results based on the existing analyses have however been obtained.
Figure 11 shows the globally averaged temperature for the 1000 hPa surface for the
years 1979-90, inclusive as calculated by the ECMWF analyses. An increasing
temperature from 1979 to 1984 is followed by a slight decrease and then an almost
constant value. Figure 12 gives the same information at 500 hPa. Since the rank
correlation test for 500 hPa surface indicates a significant change in the mean value
we may conclude that the 500 hPa temperature is increasing. At 100 hPa as seen
from figure 13 there is, on the other hand, a significantly decreasing temperature.
Finally, figure 14 indicates no change in the mean temperature for the whole layer
from 1000 hPa to 250 hPa.
The above figures 11 to 14 do not prove anything concerning the greenhouse effect,
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but they indicate that it may be feasible to obtain results from analyses with the
same scheme over many years. It is to be hoped that such a continuing project will
find the necessary support to be carried out.

6. Proposals for future research
It is hopefully clear from the last few sections that many questions remain unanswered
in both the simulations and the climatic record based on observations. Considering
the models the most urgent problem is to move to coupled models containing all
the components of the climate systems. The model designers have already started on
the problem, but as yet a number of important subproblems have not found a
satisfactory solution. This is especially true for the coupling between the oceans and
the atmosphere where the motion of the two media definitely should be incorporated,

The increased greenhouse effect

21

but as pointed out already the large difference in the order of magnitude of the speeds
makes the problem very difficult.
In running the model experiments it will in the future be essential to run the
coupled models with such a resolution that all important phenomena are included
explicitly in the calculations if at all possible. There will of course always be limitations
since it is easy to saturate any computer with so many numbers that the calculations
will go very slowly, and climate simulations are very long integrations of the relevant
equations. It would on the other hand be essential to include for example a resolution
that can resolve the mid-ocean eddies. Too many climate simulations, including CO2
doubling experiments, have been carried out with grid sizes too large or too few
spherical harmonic functions. The results change unfortunately when the same model
is integrated with much higher resolutions.
It is known that the concentration of CO2 in the atmosphere is considerably smaller
than it would be if all the CO2 coming into the atmosphere from the industrial
processes were to stay in the atmosphere. The observed concentration is only about
half of what it potentially could have been. It has always been assumed that the other
half of the CO2 is going into the oceans where it will remain for a long time since
it becomes a part of the deep ocean circulation through the actions of the "biological
pump". The essential mechanism is that the CO2 in the oceans is incorporated in
the skeletons of small organisms. When they die they sink to the bottom of the oceans
which becomes a storage for the CO2 originating in the atmosphere.
One notes that in the above account only the atmosphere and the oceans play a
role, but there is also an exchange between the atmosphere and the living biological
material on the earth. Plants and trees absorb CO2 and store it, and it will only
come back to the atmosphere, if the dead material is burned. There is thus a need
to study the sources and sinks of the carbon cycle so that we shall be able to understand
why the airborne fraction is about 50~ and how this fraction may change in the
future. In this connection we need also to study the contribution of deforestation to
the airborne fraction of CO2, as pointed out by Wallrn (1992).
Regarding the atmospheric part of the model it will be essential to modify the
simple experiments that have been done so far. There is growing evidence from data
studies that the role of clouds has not been treated as realistically as needed.
Ramanathan et al (1989) have discussed the interplay between the radiation budget
and the climate. We are aware that clouds have both a wanning and a cooling effect.
The role of clouds is perhaps best known from the daily cycle, where we know the
difference between the nightly temperature minimum on a cloudy and a clear night.
Clouds during the night prevent the outgoing long wave radiation from going out
to space and reradiate some of the absorbed energy back to the surface of the earth
giving a wanning effect. On the other hand, during the daytime the maximum
temperature is smaller on an overcast day than during a clear day. Thus, there is
also a cooling effect. On the global scale and on the climatic time scale one may ask
if the clouds have a net wanning or a net cooling effect. It is this question that
Ramanathan and his co-workers have tried to answer by using satellite observations.
The answer is that on average, the clouds have a cooling effect which is quite
substantial, amounting to about 16 W m-2. The question is if this result is equivalent
to a negative feed-back mechanism. An argument would be that any mechanism
resulting in a heating at the ground would have a tendency to create more cloud
cover or deeper clouds which in turn would create a cooling below the clouds and
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thus tend to decrease the temperature. In any case, the results of the satellite studies
point to a closer study of the way in which clouds are treated by the models, and,
in particular, the way in which clouds interact with the radiation processes. The
parameterization of the various cloud types has also been a difficult procedure to
design in both prediction and climate models. It may be time that we return to these
problems.
While we are considering the radiation budget we may also point out that the
industrial processes of the world, in addition to CO 2, also produce SO2 which may
be found as a 'continental haze' observed over heavy industrialized sectors such as
certain parts of the eastern region of the U.S.A. and for example the Ruhr district
in Europe. The SO2 will increase the albedo due to backscattering and will thus have
a cooling effect as we, for example, have seen it in the 'play model' presented in
section 2.
The information in the figures 11-14 may indicate that the clouds do contain a
negative feed-back mechanism. We observe in the short time series that no significant
change takes place at 1000 hPa, while the result at 500 hPa (and at higher levels
below 300 hPa, not reproduced here) give a significant increase of the temperature.
These levels are, by and large, above the top of the clouds while levels at and below
700 hPa do not show significant changes of the global mean temperature. It would
be of importance in the future to perform calculations of the qualitative arguments
that have been presented in this paragraph.
Concerning the observational records there are some questions which require an
explanation. For example, the surface climatological record shows that the major
increase in the temperature took place in the early part of the present century when
the emission of CO2 was smaller than now. On the other hand, the temperature
decreased from about 1940 to about 1975 when the concentration of the greenhouse
-gases had increased. It is a significant scientific problem to provide an explanation
for such fluctuations in the recent climatic records unless we want to adopt the view
that the whole climatic record on this time scale is the output of a chaotic process.
An additional problem of some significance is the following. All simulations of the
CO 2 doubling experiments indicate that the largest temperature increase will take
place in the high latitudes. The climatic record from the Arctic indicates steadily
decreasing temperatures in this region! Why is it so? The large increase in the
temperature in the models is supposedly due to a convergence of the transports of
sensible and latent heat since the radiation should give a cooling in these regions. It
is known that any meridional transport goes to zero at the pole due to the cosine
factor in the formula. The models should thus contain a rather large northward
transport at quite high latitudes. How does that happen? The answers to these
questions are very important because if indeed the temperature will increase very
much at high latitudes we will get a zonal temperature profile very different from
the present which in turn will change the circulation since at least the degree of
baroclinic instability will decrease, if it does not disappear due to the possibility that
the temperature gradient goes below the threshold value.

7. Social and economical issues

The very fact that the enhanced greenhouse effect has become such a general issue
as described in the introduction makes it also a social and economic problem of
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global dimensions. It is mainly these issues that have been discussed at the large
international conferences on the more general issue of global change including the
enhanced greenhouse effect. Regardless of the results of the scientific assessment
contained in the IPCC report and its correct statement that the impact of the increased
greenhouse effect cannot at present be found with certainty in the observed records,
the politicians of the world will want to act. Therein lies the dilemma. The issue is
socially and economically significant because major changes to the climate could take
place within the next century or so. Yet our scientific knowledge has been used in
full to attempt to make a prediction about climate change, and we have found that
the present knowledge is insufficient.
Let us consider the problem in a broader context. Estimates have been made that
the world will have to double the energy production in the next century to satisfy
the demands of the growing population of the world. Barring new environmentally
clean energy production methods of substantial capability it would appear that these
energy requirements cannot be satisfied without the continuing use of coal, oil and
gas. We may in other words have to live with the greenhouse effect although we may
possibly slow down its effect by controlling the output to the atmosphere of the
greenhouse gases.
The report from the international environmental conference in Bergen, Norway in
1990 makes a big point of the concept "sustainable development". It means the
allocation in the future of environmental resources "in such a way that the potential
average quality of life of future generations is not endangered". The concept can be
applied to many forms of environmental processes where it is possible to reverse the
process such as pollution of air and water including acid rain, sewage and oil in the
rivers and oceans if the financial resources can be found. But is it possible to apply
the concept of sustainable development to the greenhouse issue?
Mitchell (1991) argues as follows: The population of the world is about 5 billion
people of whom 2-5 billion are living in poverty (1 billion in extreme poverty). Even
with birth control schemes the population will grow to 7"5 billion by 2050. The only
way to satisfy the concept of sustainable development is to transfer resources from
the rich to the poor. He does not believe that the 2-5 billion "better off" will be
willing to see its quality of life diminish so as to improve the quality of life of the
2.5 billion less well off. Consequently, it will remain status quo for half of the world's
population living in poverty. He finds this conclusion unacceptable because the
population of the developing countries require an increase in the standard of living.
With this acceptable argument we are back to the requirement for more energy
needed to increase the standard of living. We must thus conclude that we have to
live with certain aspects of the increased greenhouse effect if it ever comes.
8.

Conclusions

The general conclusions can be summarized in the following points:
A. Global climate models are not capable at the present time to settle the issue of
the effects of the increased greenhouse effect. The models should, over the coming
years, be improved especially in the parameterization schemes and be expanded
to include all components of the climate system.
B. In the meantime it is essential that monitoring programs be established for all
components of the climate system. Such programs should include satellite
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monitoring in addition to such reliable results as can be obtained by the standard
observing system.
C. While the efforts mentioned under A are important it is even more essential that
a new effort is being made to evaluate the social and economic impact of possible
climate changes. This part of the Global Climate Research Program is under the
guidance of the U.N. Environmental Agency (UNEP.). The progress on these
aspects of global change has been very limited due to the severe difficulty of
making such assessments.
D. Under the assumption that improvements in the standard of living of currently
50~ of the worlds population is desirable and acceptable the concentration of
greenhouse gases will not decrease. The research priorities will thus have to include
the possibility that we will have to live with a possible, but not certain increase
in global warming.
E. On the question of energy production it is required to be efficient in production,
economical in use and to put an upper limit to the rate of increase of greenhouse
gases in the atmosphere. However, unrealistic or unattainable targets may very
well remove the whole credibility of the efforts.
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