Chapter 5

Natural and Anthropogenic Variationsin the
Radiation Balance

Abstract

The globally and annually averaged temperature response to anthropogenic as well as
natural radiative forcing mechanisms since pre-industrial times is evaluated using a 1D cou-
pled radiative-convective atmosphere ocean model. Although climate effects due to changing
concentrations of greenhouse gases and aerosols are physically well-understood, accumula-
tion of uncertainties causes a considerable range in potential surface temperature changes of
0.1to 1.5 K in 1990 as compared to the pre-industrial era. For the solar influence we lack any
physical mechanism. Therefore, we optimize the effects of several radiative forcing mech-
anisms simultaneously in terms of explained variance of the observed surface temperature.
We find that 88% of the slightly smoothed temperature variations are explained for a com-
bination of anthropogenic influence, 11-year sunspot cycle and long-term solar variations. It
turns out that the solar signal is competitive with the magnitude of internal variability, rather
than with the enhanced greenhouse effect since 1970. Statistically, we may limit the anthro-
pogenic influence in 1990 at 0.4+0.2 K. Here, the upper boundary is derived in case there is
no solar influence, while the lower limit is calculated for twice the optimum solar impact.

5.1 Introduction

In the last two decades much attention has been given to possible human influence on climate. In
the first place, there is a challenge for the scientific community to perceive the secrets of nature
with respect to climate variations on timescales ranging from decades to millions of years. On
the other hand, since climate change in the near future is relevant for society, the issue has been
placed on the political agenda. The central question here is the rapidness of climate change in
the forthcoming decades due to industrial activities. This, in fact, determines the necessity for
taking measures by gouvernments, preferably world-wide, such as the reduction of greenhouse
gas emissions.

Unequivocal proof of human influence on climate has not yet been established, because year-
to-year variations of global mean temperatures are roughly of the same order, namely about 0.5
°C, as the computed net enhanced greenhouse effect, using comprehensive climate models [e.g.

3R. van Dorland, and A.P. van Ulden, in proceedings Sun and Climate: the influence of variations in solar activity
on the earth’s climate, 1998.
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Kiehl and Briegleb, 1993; Mitchell et al., 1995]. Therefore, there is debate on the relative roles
of the anthropogenic and natural signal. This is, in fact, called the attribution problem [ipcc,
1995].

Climate shows variations on all timescales for numerous reasons. Before the industrial rev-
olution, only natural mechanisms could have affected climate. On timescales of million years,
continental drift and substantial solar irradiance changes together with feedbacks on the carbon
dioxide and methane concentrations are likely to have caused major climate variations. The
occurrence of ice-ages and interglacial periods are thought to be related to orbital variations
of the Earth in combination with interactions between the cryosphere and the earth’s crust on
a timescale of 100,000 years. On a timescale of a hundred years, which is considered in this
paper, we may point to three mechanisms of natural variability. First, strong volcanic eruptions
cause an increase of sulfate aerosols in the stratosphere during several years, thereby cooling the
Earth’s surface. Second, interactions between atmosphere, oceans and landsurface, including
year-to-year variations of (sea-)ice, affect global annual mean temperature. The quasi-periodic
El-Nino event is a clear example of such an interaction. Third, solar activity may play a role in
climate variations.

We distinguish two marked solar cycles. Most pronounced is the 11 (or 22) years solar cy-
cle of sunspot activity, which may affect climate via changes in solar irradiance [Lean, 1991]
or via uv radiation variations, changing the amount of stratospheric ozone [Haigh, 1994]. Re-
cently, Svensmark and Friis-Christensen [1997] have found a high correlation between cosmic
ray intensities and cloud cover over oceans in extratropical regions during the period 1980-1995.
However, they failed to specify the altitude of the suggested cloud cover variation of 3%, which
is crucial for the determination of the climate effects, e.g. surface temperature changes. Cos-
mic ray intensity varies inversely with sunspot numbers. Dickinson [1975] proposed a possible
link between the ionization effects of cosmic rays and sulfate aerosol formation and cloud nu-
cleation in the vicinity of the tropopause. However, cirrus (high) cloud variations hardly affect
global temperatures with the additional disadvantage of having the wrong sign. Also, long-term
(about 80 years) variations of the length of the solar cycle between 8 and 12 years, the so-called
Gleissberg cycle, may affect climate. Although effects of the latter have been found on global
temperature in terms of good correlations and high explained variance, the physical mecha-
nism(s) are by far not clear [Gilliland, 1982; Friis-Christensen and Lassen, 1991; Kelley and
Wigley, 1992; Soon et al., 1996]. Therefore, the role of solar activity on climate is still subjected
to debate.

The concentrations of greenhouse gases and aerosol burden in the atmosphere have increased
considerably since pre-industrial times. It has been recognized through isotope analysis that
the observed increases of carbon dioxide (CO32), methane (CH4) and nitrous oxide (N2O) are
mainly caused by human activities. Chlorofluorocarbons (CFCs) are entirely anthropogenic,
as these constituents were not present in the pre-industrial atmosphere. In addition to these
long-lived and hence uniformly mixed greenhouse gases, anthropogenic emissions of NOy, CO
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in combination with CH4 lead via a number of complex chemical reactions to the production
of tropospheric ozone. Increases of ozone in the lower part of the atmosphere acts to warm the
Earth’s surface [IPcc, 1995; Lelieveld and Van Dorland, 1995; Roelofs et al., 1997; Van Dorland
et al., 1997, Chapter 4]. On the other hand, the abundance of CFCs in the stratosphere causes
ozone depletion, resulting in direct and significant stratospheric cooling and a small negative
greenhouse effect [Van Dorland and Fortuin, 1994].

Sulfur emissions lead to the formation of sulfate aerosols. These particles are capable of
reflecting shortwave radiation originating from the sun. In addition to this direct effect, (sulfate)
aerosols may alter the size distribution of cloud droplets. The suggested decrease of average
droplet radii results in both more reflection of solar radiation and a possible enhancement of the
lifetime of clouds. These indirect mechanisms reinforce the cooling effect of sulfate aerosols.
We emphasize here that the total aerosol effect is not well-known. Uncertainties are largely
associated with estimates of the emissions of precursors [Benkovitz et al., 1996] and with the
parameterizations of chemical processes as well as the modelled transports. In addition, uncer-
tainties in microphysical properties, such as size distributions and the interactions of aerosols
with water vapour and droplets, hamper accurate estimates of the radiative effects. [Boucher et
al., 1995; Nemesure et al., 1995; Van Dorland et al., 1997, Chapter 4].

In this paper, we make an assessment of the possible mechanisms, which force climate
change, including solar activity, over the period 1856-1996, for which global mean surface
temperatures are available [Jones, 1994] (updated with 1995 and 1996, Figure 5.1). By using
a one-column climate model, representing the global average atmosphere as well as ocean, we
include our physical knowledge of the climate system as much as possible. This is done by
performing time integrations using the considered forcing mechanisms in the period 1850-1997.
Since we lack a physical explanation for the climate effects due to solar activity, we adopt several
mechanisms to compute its climate response: solar constant variations, cloud cover changes, and
variations of the average droplet radii. Then, we resort to a statistical technique to get amplitude
as well as phase (for the Gleissberg cycle) information by optimizing the computed temperature
responses to the observed temperature in terms of explained variance. The applicability of
this technique is restricted to a linear forcing-response relationship and orthogonality of the
investigated signals in order to discriminate between the causes. In section 5.2, we motivate the
use of a 1-dimensional climate model by determining the important aspects of climate change.
In section 5.3 we describe the climate model, its characteristics and the model input. Section
5.4 is devoted to our model results, evaluated with the help of statistical optimization of the
explained variance. In section 5.5 we discuss the meaning of the results.

5.2 Radiation and Climate

The climate system can only communicate with outer space through the exchange of radiative
energy. As a consequence, climate change is strongly linked with perturbations of atmospheric

107



5. Natural and Anthropogenic Variations in the Radiation Balance

T T T T T T T H
annual avarage -------- § i
06 - filtered (16 years) .
¥
= 04 .
°
o
o
=
5 02r R
Qo
5
Q
2 0
)
-0.2 + R

1840 1860 1880 1900 1920 1940 1960 1980 2000

Figure5.1: Observed global mean surface temperature relative to 1856-1900 [Jones, 1994]: annual mean
(dashed line) and filtered with 16-year bicubic spline (solid line)

radiative transfer. Satellite measurements show that about 30% of the incoming solar (short-
wave) radiation is reflected. The remaining part is absorbed by the atmosphere (23%) and by
the Earth’s surface (47%). This is converted into heat. In the equilibrium situation, this gain
of energy is balanced by the same amount of outgoing infrared (longwave) radiation, which
originates from the Earth’s surface as well as the atmosphere.

Changes in atmospheric composition perturb the radiative transfer in the Earth’s atmosphere,
either in the longwave or in the shortwave spectral region. As a consequence, an imbalance at
the top of atmosphere occur, that is a difference between net incoming shortwave radiation
and outgoing infrared radiation. In order to restore the balance the temperature of the Earth’s
surface and atmosphere change until equilibrium is reached. While seeking a new equilibrium,
temperature dependent processes in the climate system change as well, thereby amplifying or
attenuating the temperature response with respect to the initial radiative perturbation. These
so-called feedback mechanisms are dominantly present in the hydrological cycle due to the
combination of large amounts of water at our planet and its strong impact on the radiation
balance for all its phases (ice, liquid water and water vapour). The strongest positive feedback
known is the increase of the amount of atmospheric water vapour in case of a temperature rise.
Water vapour is an important greenhouse gas. Hence, it amplifies the warming by increases of

108



5. Natural and Anthropogenic Variations in the Radiation Balance

greenhouse gas concentration, and similarily, the cooling by an increase of sulfate burden. Also,
the melting of land and especially sea ice cause a decrease in planetary albedo, resulting in more
shortwave absorption by the climate system. Furthermore, clouds may change in several aspects
such as cloud top height, the size distribution of droplet radii and therefore the lifetime and
optical properties. The sign of the total cloud feedback is not well-known.

The best link between surface temperature change and radiative effect on a global scale, as
can be derived from thermodynamic arguments, is given by the net radiative flux change at the
tropopause level (approximately at 13 km altitude), the so-called radiative forcing. Above this
level in the stratosphere, radiative equilibrium is reached within a few months, resulting in tem-
perature adjustment, whereas this adjustment in the troposphere takes up to decades due to the
large heat capacity of the oceans. In addition, the surface and troposphere are tightly coupled
due to efficient vertical mixing processes with very short timescales and may therefore be con-
sidered as one thermodynamic (sub)system. This implies that global mean changes of radiation
at the tropopause roughly determine the final temperature response at the Earth’s surface.

The coupling between radiative forcing and equilibrium temperature response is called the
climate sensitivity. For the present generation of 3D climate models, this climate sensitivity pa-
rameter is ranging from 0.3 to 1.1 K/Wm~2. As this range is the result of differences in feedback
mechanisms, the climate sensitivity for a specific model is independent of the mechanism be-
hind the radiative forcing. This is even true for perturbations which are spatially confined to the
northern hemisphere, such as the short-lived species ozone and sulfate aerosols [Ramaswamy
and Chen, 1997; Roeckner, personal communication, 1997]. This implies that we may deter-
mine the relative climate effects of various mechanisms by evaluating their radiative forcings.
Moreover, we may compute the subsequent temperature responses with relatively simple 1D
climate models, in which the dynamical component is included in the climate sensitivity, e.g.
changes in cloudiness with variations in the circulation. We assume these feedbacks either small
or linear.

5.3 Modd Description
5.3.1 Radiative-Convective Model

We use the KNMI 1D radiative-convective model (hereafter KRCM) to study the time evolution of
the global average temperature due to changes in atmospheric composition and due to possible
solar influences. The KRcM includes a radiation code, a convection algorithm, which organizes
the non-radiative energy exchange between the Earth’s surface and the troposphere, and an ocean
model. The numerical experiments are performed with a vertical resolution of 27 atmospheric
layers and 10 ocean layers. The water vapour feedback, enhancing the surface temperature
response with a factor 1.8, is included.

We account for convective adjustment of the atmosphere as to simulate the observed tro-
pospheric temperature gradient. These non-radiative fluxes, i.e. sensible and latent heat, are
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computed from the surface energy balance. The scheme allows for the heat storage in the ocean
layers. The energy exchange between the ocean layers is computed using the diffusion and (ver-
tical) advection equation. The latter represents the global average upwelling of heat due to the
thermohaline circulation and is kept constant in time. Hence, this term forces the background
thermal structure of the ocean. For the diffusion coefficient we use 300 Wm~1K=1, which is
comparable with empirical measurements of tracer transports in the ocean [Hoffert et al., 1980].
The thickness of the ocean layers increases with depth in a logarithmic way to account for the
typical thermal structure of the ocean in relation to the diffusion process. The total depth of the
ocean model is 4000 m. The toplayer of 1.3 m represents the fast response of land surface, while
the slowest response is due the deepest ocean layer of 2300 m.

The radiation code included in the KrRcM is derived from the Morcrette radiative transfer
model [Morcrette, 1991] and modified for climate modelling purposes (Chapter 3). The scheme,
which is also part of the ECHAM4 climate model (MPI, Hamburg) [Roeckner et al., 1996], includes
the radiative effects of clouds, water vapour, o0zone and the well-mixed greenhouse gases CO»,
CHgy, N2O as well as 16 CFC’s, HCFC’s, HFC’s. Also, the optical and longwave parameters for
11 aerosol components based on the Global Aerosol Data Set [d’Almeida et al., 1991] have been
incorporated. The longwave radiative transfer computations utilize a broad-band flux emissivity
method with 6 spectral intervals, covering the spectrum between 0 and 2820 cm~1. In the
shortwave part of the model a two-stream formulation has been employed together with the
photon path distribution method [Fouquart and Bonnel, 1980] in 2 spectral intervals, the visible
(0.25-0.68 pm) and the near-infrared (0.68-4.0 um) region.

5.3.2 Mode Characteristics

Our climate model should represent at least two aspects of the real world: that is average climate
and the climate response in amplitude as well as time-lag to radiative perturbations. We tuned
our model as much as possible towards the presently observed global mean climatology. Typical
profiles of water vapour and temperature are adopted from Oort [1983]. Clouds are defined in
three model layers, the so-called low, middle and high clouds, for which the liquid water con-
tent and fractional coverage are specified. The ensemble of the mentioned entities are brought
into agreement with the radiative fluxes, as measured by a number of satellites, the Earth Ra-
diation Budget Experiment (ERBE), as well as ground based data for the suface energy flows.
Furthermore, we have determined the frequency characteristics of the model’s climate system to
estimate the parameters of the ocean model, such as the thickness of the highest ocean layers as
well as the diffusion coefficient, regulating the energy exchange.

In order to describe the frequency characteristics of the coupled atmosphere-ocean/landsur-
face system, we performed experiments in which we feed the model with monochromatic sig-
nals ranging from 1 to 1000 years. The forcing mechanisms were either a variation of the solar
constant, a shortwave perturbation, or a variation of the CO, concentration, a merely longwave
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Figure 5.2: Surface temperature response as attenuation factor of equilibrium response (solid line) and
time-lag in years (dashed line) as function of the signal period in years

perturbation. No essential differences between the surface temperature responses of both signals
were found, alhough these forcing mechanisms affect the energy flows in the surface balance
differently. This confirms the fact that the forcing-response relationship is unique. In Figure
5.2 we have plotted the amplitude as well as time-lag of the temperature response of the upper
ocean layer. The amplitude of the response has been normalized with the equilibrium temper-
ature response due to a "step forcing”for the maximum amplitude of the periodic signal. The
equilibrium response is similar to the multiplication of the radiative forcing and the climate
sensitivity parameter, which is 0.54 K/Wm~2 in our model. The amplitude increases with the
period of the signal. The full equilibrium response is reached for a signal with an infinite pe-
riod, while the amplitude of the seasonal cycle is attenuated with a factor 10. The approximate
time-lag of one and a half month for such a temperature signal is in reasonable agreement with
observations. For a signal period of 100 years, we find a time-lag of about 6 years, which is in
good agreement with the value by Reid [1991] using a sophisticated multi-level ocean model.
The coupled system behaves quite linear for signal periods larger then two years due to the
adopted linear diffusion equations. For smaller periods, the system has a clear interference with
the non-linear behaviour of atmospheric radiative transfer. This acts to muffle possible phase
resonance in the upper ocean layer. The timescale of atmospheric processes is found to be in the
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order of two months. The model acts as a low-pass filter due to the large heat capacity of the
ocean.

5.3.3 Maodd Input
a Greenhouse Gases and Aerosols

The increase of greenhouse gas concentrations as function of time since 1850 has been adopted
from the 1pCC reports: that is CO2, CH4 and N2O from ipcc, [1990] and CFCs, HCFCs and
HFCs from IPcc, [1994]. In order to avoid abrupt changes, we have interpolated the greenhouse
gas concentrations at each timestep during the integrations either linearly (N2O in the period
1850-1900 and CFCs after 1950) or exponentially. The increases of these uniformly mixed
greenhouse gases lead to a radiative forcing of about 2.1 Wm~=2. We also account for ozone
changes. We assume a linear increase of tropospheric ozone from 1950 up to 8.4 DU in 1990
[Lelieveld and Van Dorland, 1995; Van Dorland et al, 1997, Chapter 4], resulting in a radiative
forcing of 0.34 Wm~2 and a linear decrease of stratospheric ozone since 1970 up to -10.8 DU
in 1990 as to fit the estimated radiative forcing of about -0.13 Wm~—2 [wmo, 1992; 1pcc, 1995].
The profile changes have been adopted from Shine et al. [1995]. The radiative forcing due to
tropospheric sulfate aerosol changes since pre-industrial times have been estimated to amount
-0.5 Wm~2 (direct effect) and about -0.75 Wm~2 due to changes of cloud optical properties
and the potential influence on the lifetimes of clouds (indirect effect). In order to simulate the
evolution of tropospheric sulfate aerosols since 1850, we have used the estimate of the sulfate
burden as a function of time from 1Pcc, [1994] together with the radiative forcing of the direct
effect, which results in an optical depth increase (at 0.55 um) of approximately 0.04 for the year
1990. The indirect effect is assumed to be caused totally by a decrease of the modal droplet
radius in water clouds, while keeping the liquid water content constant. To match the radiative
forcing of -0.75 Wm~2 in 1990, we compute an average decrease of the radius of about 5%.
We did not correct for the *stack height’ in the seventies and eighties [Wigley and Raper, 1992].
Furthermore, we include the effects of stratospheric sulfate aerosols due to volcanic eruptions.
Therefore, we adopted the dataset of Sato et al. [1993]. Our model’s sensitivity agrees very well
with the simple relationship given by Lacis et al. [1992], namely the forcing is approximately
equal to -30 Wm~2 times the stratospheric sulfate aerosol optical depth.

b Solar Activity

We use the dataset of sunspot index (sIDC) for the computation of the solar signals. For the 11-
year solar cycle we translate the sunspot index, a measure of the number of sunspots, in terms of
a variation of the solar constant. We adopt a change of 0.1% (1.4 Wm—2) for a change in sunspot
index of 150. This is in agreement with the estimated values by Lean [1991] from observations
in the period between 1978 and 1990 (solar cycle 21).
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Figure5.3: Inverse solar cycle length inyr—1 from 1650 until 1997 as determined from sunspot minima and
maxima (source: SIDC) and subsequent surface temperature response in arbitrary units as computed with
the KRCM since 1650 as well as since 1850 (with equal averages in the overlapping period 1850-1997)

The solar cycle length is determined from the position of maxima and minima of sunspot
index using the same dataset, given with a resolution of about a month (Figure 5.3). The accu-
racy is much lower than the resolution due to the large fluctuations during the period of sunspot
maxima. The method of computing the solar cycle length from the sunspot maxima and min-
ima introduces a phaseshift of about 3/4 cycle as the actual length is determined from the full
sunspot cycle preceeding an extreme value. It should be emphasized though that there is no
physical mechanism, which could give an indication of the precise time-lag. Since the system
does not possess predictive characteristics, the only condition is that there is a delay. Moreover,
we use a statistical method to fit both the amplitude and time-lag. So, the introduction of a
possible phaseshift has no relevance for our results. In addition, the modelled climate system
show a delay dependent on the signal period (Figure 5.2). Since it is found that the surface tem-
perature response is inversely correlated with the solar cycle length (scL), we use the solar cycle
frequency as a proxy. In order to model the temperature response due to scL, we have adopted
three fictitious mechanisms for which no essential differences with respect to their effects have
been found. That is, a change of solar constant, a variation of cloud cover and a change in
average cloud droplet size.
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54 Modd Results
54.1 Climate Response

We perform time integrations for the changes in atmospheric composition due to human activity
since 1850. This is done for the components separately as well as simultaneously. In Figure
5.4 the radiative forcing in terms of equilibrium temperature reponse, i.e. forcing relative to
1850 times climate sensitivity, and the actual model’s surface temperature response are shown
for greenhouse gases (well mixed gases and ozone) and for the total effect of sufate aerosols
(i.e. direct and indirect). The actual response is about 70% of the equilibrium value for both
components, showing an almost exponential trend in time. In contrast, the response on solar
irradiance changes due to the 11-year sunspot cycle reaches about 30% of the equilibrium re-
sponse (Figure 5.5). These differences can be explained in terms of the amount of heat storage in
the ocean for signals with different (dominant) timescales of oscillation (Figure 5.2), implying
characteristic attenuation factors and time-lags. Hence, the climate system acts as a low-pass
filter, which is demonstrated in Figure 5.3, 5.4 and 5.5: the fine-structure in the forcing disap-
pears in the temperature response. Moreover, the forcing-response relationship appears to be
quite linear. Its consequence is twofold: first, we may add the responses due to the various forc-
ing mechanisms. Second, we may scale the amplitude of the response of signals without any
defined physical mechanism, retaining the magnitude of their radiative forcings. Some weak
non-linear behaviour is found for stratospheric 0zone changes resulting in direct local temper-
ature changes due to altered shortwave absorption, because the emitted longwave radiation by
greenhouse gases is strongly dependent on stratospheric temperatures. Also, rapid changes in at-
mospheric composition as compared to the timescale of radiative adjustment in the stratosphere,
i.e. about two months, induce non-linear effects. This is the case for large volcanic eruptions as
they change the stratospheric aerosol burden in a very short time.

5.4.2 Uncertaintiesin Climate Response

Although changes of the radiation balance due to increasing levels of uniformly mixed green-
house gases are relatively well-known (within 15%), large uncertainties do exist for the radiative
forcing of tropospheric as well as stratospheric aerosols, especially regarding their indirect ef-
fects. Furthermore, the climate sensitivity, which is the translation factor from instantaneous
radiative perturbations to final temperature response, ranges from 0.3 to 1.1 K per Wm~2. This
introduces a large uncertainty in the attribution of the anthropogenic signal. For instance, if
we take these uncertainties into account and correct for the difference between equilibrium and
actual response (about 70% as discussed in section 5.4.1), the anthropogenic temperature in-
crease in 1990 ranges from 0.1 K to 1.5 K. This justifies to vary the human signal, preferably
through the sulfate aerosol signal, in the statistical optimization procedure. In addition, lack of
knowledge on the physical mechanisms, possibly responsible for the effects of solar activity on
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Figure5.4: Actual surface temperature response and equilibrium response (forcing x climate sensitivity)
in K for greenhouse gases and sulfate aerosols

climate, hamper model calculations other than in a statistical sense.

Therefore, we optimize the anthropogenic and natural signals, i.e. modelled temperature re-
sponses, simultaneously in terms of explained variance. The advantage of this method is that we
get amplitude information on the signals, which is not the case for correlation exercises. There
are of course restrictions for this method. First, the linearity is essential for such a statistical
evaluation. This is approximately the case as shown previously. Second, we may derive the
relative contributions of the various forcing mechanisms if their characteristics are orthogonal
to a large exent. A measure of orthogonality is given by the correlation coefficient. We have
listed these coefficients in Table 5.1 for the anthropogenic, volcanic, and the 11-year as well
as the Gleissberg solar signal. The correlation coefficient between the temperature response of
greenhouse gases and sulfate aerosols is -0.98, since they both show an almost exponential trend
with opposite signs. Therefore, we cannot separate these signals in the optimization procedure.
We may also question the importance of taking the history of climate variations into account.
We perform this exercise for the possible climate effects of the Gleissberg signal. In Figure 5.3
we plotted the temperature response (in arbitrary scale) equally determined for two time integra-
tions: starting at 1650 and 1850. If we choose the reference level such that the averages are equal
for the overlapping period, no large differences are found. In the optimization procedure we fit
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Table 5.1: Correlation matrix for the surface temperature response due to the anthropogenic effect
(ANT), greenhouse gases and and tropospheric sulfate aerosols, solar cycle lenght (SCL), 11-year cycle
of sunspots (SIN), and volcanic aerosols (VOL), computed with the KRCM for the period 1880-1996. The
correlation with the observed surface temperature (OBS) is also given.

ANT SCL SIN VOL | OBS
ANT 1 033 0.53 -0.18 | 0.72

SCL 1 0.47 0.40 | 0.70
SIN 1 0.03 | 0.59
VOL 1 0.12

modelled to observed climate variations, implying that the reference level is of no importance.
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Table 5.2: Best fit of global mean surface temperatures, 1880-1996, for the anthropogenic (ANT in K for
1990), solar cycle length (SCL in Wm~2 of solar constant change between 1910 and 1940), sunspot cycle
(SIN in % of the solar constant for an index change of 150), and volcanic (VOL as a factor of the adopted
Sato et al. [1993] dataset) signals. The explained variances are given for the annual mean, 6-year as well
as 16-year bicubic spline filtered observed temperature.

ANT SCL SIN VOL | filter  expl.var.(%)
041 74 — — no 76
042 74 — — 6-year 87
045 69 — — | 16-year 90
037 73 014 — no 76
039 72 01 — 6-year 88
043 6.7 007 — | 16-year 90
061 — — — no 56
— 99 — — no 49
059 — — 0.6 no 62
053 — 027 06 no 64

5.4.3 Statistical Optimization of Temperature Signals
a Anthropogenic and Gleissberg Signal

The anthropogenic as well as the Gleissberg signals vary predominantly on decadal timescales.
Greenhouse gases and aerosol burden show both an exponential increase in time (Figure 5.4),
while the solar cycle length is characterized by irregular oscillations. In order to fit these signals
to observed decadal temperature variations we use a 16-year bicubic spline filter, meaning that
the weighting factors for the +8 years are zero. The best explained variance of approximately
90% is found for a temperature increase in 1990 relative to 1850 due to anthropogenic influence
of 0.45 K and for a solar constant change between 1910 and 1940 of 6.9 Wm~2 (Table 5.2). It
appears that both signals contribute equally within a few percent to the decadal climate varia-
tions, which can be derived from the fact that both signals correlate equally with the observed
temperature (Table 5.1). If the solar signal is true, it implies that only 10% of the slow temper-
ature variations is left for internal variability. In case of statistical optimization to the annual
mean observed temperature, the explained variance of the sum of both signals decreases from
90% to 76%, again with equal contributions. This suggests that internal variability is dominantly
present in the shorter time scales. Only small changes in the amplitude of the signals are found,
i.e. 0.41 K for the human effect in 1990 and 7.4 Wm—2 for the Gleissberg signal between 1910
an 1940. This is shown in Figure 5.6 as the optimum occurring at the y-axis. If the solar signal
does not have any impact on climate, the anthropogenic effect (optimum at 0.61 K in 1990, Ta-
ble 5.2) explains about 56% of the variance (origin in Figure 5.6). Even if the solar signal would
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Figure 5.6: Explained variance in % (white contours) of the annual mean observed surface temperature
as a function of the anthropogenic effect in K in 1990 (shaded), the solar cycle length signal as an increase
of the solar constant in Wm=2 between 1910 and 1940, and the 11-year sunspot cycle as a factor relative
to the solar constant variation of 0.1% per 150 sunspots

be twice as large as for the best fit (left upper corner, Figure 5.6), the best estimate of the an-
thropogenic influence in 1990 is still 0.23 K, but the total explained variance drops to the value
of 60%. Assuming either no human influence at all or a much larger human influence of 0.9 K

(1990 value), the explained variance is less than 50%. Combination of both signals for the best
fit results in differences with the observed (filtered) temperature of less than +£0.1 K. Assuming
no anthropogenic influence, we find large differences especially for the period after 1970. This
indicates that the rapid temperature increase of the last three decades cannot be explained with
the Gleissberg signal.
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Figure 5.7: Best fit of the computed surface temperature response for the anthropogenic effect (dashed
line), the solar effect combined from the 11-year cycle and the Gleissberg signal (dotted line), the sum of
these signals (solid line) and the (6-year) filtered observed temperature (heavy dashed line)

b Anthropogenic, Sunspot and Gleissberg Signal

We perform the statistical optimization procedure for the anthropogenic and both solar signals,
the 11-year sunspot and the Gleissberg cycle, simultaneously (Figure 5.6). The total explained
variance of the annual mean observed temperature is about 76%. Filtering improves this value
(Table 5.2), but since the 11-year solar signal is involved, we should avoid using filters which
passes through very low frequency characteristics only. Using a 6-year bicubic spline filter, we
find a total explained variance of 88%. The division over the three signals is as follows: 40%
for the anthropogenic influence as well as the Gleissberg cycle and only 8% can be attributed to
the sunspot cycle. In terms of amplitude this is about 0.4 K for the human effect in 1990, 7.2
Wm~2 for the solar constant in the scL signal between 1910 and 1940, and 0.11% change of
solar constant for a sunspot number change of 150. The latter is in good agreement with satel-
lite measurements [Lean, 1991]. Combination of the two solar signals and the anthropogenic
influence of the best fit, result in a temperature record which agrees very well with the observed
temperature (Figure 5.7). The 11-year sunspot cycle response is an order of magnitude smaller
than the anthropogenic and Gleissberg signal, but its trend acts to decrease the difference with
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the observed temperature as compared to the results of section 5.4.3.a., especially in the period
1940-1970. In Figure 5.8 the total response of the best fit is plotted as a function of altitude
and depth. In the troposphere the temperature variations are of the same order as at the surface
(Figure 5.7) due to the strong coupling. In the ocean the signal is attenuated and delayed, es-
pecially in the deeper layers. The stratosphere cools mainly due to enhanced emission of CO»
in the strong 15 um band, hence caused by human activity. In addition, the excessive cool-
ing of the lower stratosphere since the seventies is caused by the trend in ozone depletion and
matches the observed temperature changes of -0.4+-0.12°C/decade [Oort and Liu, 1993] quite
well. The strong surface temperature increase in the last two decades can be attributed largely
to the industrial activities of mankind.

¢ Sunspot and Gleissberg Signal

In case of fitting both solar signals to the observed temperature, the residue shows a clear in-
crease after 1970, which matches best with an anthropogenic effect of 0.26 K in 1990. In this
case, the contribution of the sunspot cycle is a factor 5 larger, while hardly any change is found
for the Gleissberg signal. We may derive this point from Figure 5.6. This implies that no combi-
nation of the solar signals can be found to explain the rapid increase of global mean temperature
since 1970.

d Anthropogenic and Volcanic Signal

We may question whether the combination of human and volcanic activity could account for the
observed temperature variations of the last century. Particularly, the absence of large volcanic
eruptions in the period between 1920 and 1960 is likely to induce a warming. If we optimize
both signals statistically, the best fit in terms of explained variance (62%) occurs for a human
induced warming in 1990 of 0.59 K and a volcanic effect (Table 5.2, Figure 5.9), which is about
60% of the computed response using the database of Sato et al. [1993]. This discrepancy might
be (partly) caused by the climate sensitivity of the KRCM or by secondary (warming) effects
after the negative forcing due to increased stratospheric aerosol burden. We may conclude from
Figure 5.9 that the combination of human and volcanic activity cannot account for the cool
period in 1910 and the warm period in 1940. Nevertheless, the absence of clear decadal trends
due to volcanic aerosols does not imply that individual large eruptions cannot have large impacts
on global mean surface temperature.

5.5 Discussion and Conclusion

In this paper we investigate the role of anthropogenic and natural radiative forcing mechanisms
using a 1D ocean-atmosphere model. Statistical evidence is put forward to estimate the ampli-
tude of the potential solar effects on decadal time scales. Although the physical mechanism for
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Figure 5.8: Computed temperature response as a function of time and altitude (as well as depth) for the
best fit of surface temperature using the anthropogenic effect (well-mixed greenhouse gases, ozone and
sulfate aerosol) and the solar effect combined from the 11-year cycle and the Gleissberg signal

the human influence, both the enhanced greenhouse effect [Van Dorland, 1997, Chapter 4] and
the cooling due sulfate aerosols, is well understood in terms of their perturbations on the radi-
ation balance and the subsequent climate changes, the amplitude of this signal is highly uncer-
tain. In terms of radiative forcing the sulfate aerosol direct and indirect effects contribute most
to this uncertainty. The translation of total anthropogenic radiative forcing to final (equilibrium)
climate response cannot be estimated very accurately either, because feedback mechanisms in
the climate system have not been modelled unequivocally. The partition of heat storage in the
oceans and direct heat release into the atmosphere through longwave radiation and convective
processes, introduces some uncertainty in the ratio of actual and equilibrium response. Taking
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Figure 5.9: Best fit of the computed surface temperature response for the anthropogenic effect combined
with the volcanic activity response (solid line) and the annual mean observed surface temperature (dashed
line)

these uncertainties into account results in an antropogenic signal in 1990 ranging from 0.1 to
1.5K.

Therefore we optimize the anthropogenic and (potential) natural signals simultaneously with
respect to the explained variance of the observed temperature in the period 1880-1996. Since
we found that the volcanic signal does not contribute significantly to the explained variance,
optimization has been performed with the anthropogenic and solar signals. In this case, we use
a 6-year bicubic spline filter in order to smooth the year-to-year variations in the observed tem-
perature. We find that about 88% of the global mean temperature variations since 1880 can be
attributed to human influence (40%), to the Gleissberg signal (40%), and to the 11-year sunspot
cycle (8%). The concurrent variation of the solar constant over a sunspot cycle is found to be
about 0.11% (1.5 Wm—2) per sunspot index difference of 150, which is in reasonable agreement
with measurements [Lean, 1991]. In contrast, the impact of the Gleissberg signal is not based
on a physical mechanism, but appears as a purely statistical correlation. Its magnitude can be
translated in terms of a solar constant variation of about 0.5% between the (relative) minimum
in 1910 and maximum in 1940. Other possibilities giving the same response are (average) cloud
cover variations of 2% or average droplet (not ice cristals!) variations of 10%. There are no
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measurements to support either one or a combination of these possible mechanisms, but the
magnitude of these variations may be considered as not beyond reality in principle [Zhang et
al., 1994; Hoyt and Schatten, 1993]. For this optimum in explained variance we compute a tem-
perature increase of 0.4 K due to the human influence in 1990 relative to 1850, the end of the
pre-industrial era. Variation of the potential climate effects of the solar cycle length from zero
to twice the optimum value result in best fits for the anthropogenic trends in 1990 of 0.6 K and
0.2 K, respectively. Hence, statistically we may limit the human influence in 1990 at 0.4+0.2
K. It must be emphasized though that we may not be able to narrow the uncertainty of future
projections due to the enhanced greenhouse effect substantially, because the ranges in radiative
forcing as well as climate sensitivity remain.

The fact that the investigated mechanisms are orthogonal to a large extend (otherwise sta-
tistical evaluation would be impossible) justifies the separation of characteristic effects in the
past century: that is a temperature increase between 1910 and 1940 due to the Gleissberg signal,
the slight cooling between 1940 and 1970 due to the combination of cooling by the Gleissberg
signal partly compensated by the human influence, and the rapid anthropogenic warming since
1980 (Figure 5.7). The sunspot cycle signal, which is an order of magnitude weaker than the
Gleisberg signal acts to improve the fit between 1940 and 1970. In contrast to the anthropogenic
influence, which is an almost exponential signal in time, the potential climate effects of the solar
cycle length as well as the sunspot cycle show fluctuations in time. For such quasi-periodic sig-
nals, we should distinguish between the amplitude of variability and the actual trend at a certain
moment. The actual trend for the combined solar signal in 1990 as compared to the average over
the period 1856-1900 is about 0.2 K. This is only marginally larger than, and within the uncer-
tainty range of the most recent IpcC estimates of the solar influence [IPcc, 1995]. Therefore, the
investigated impact due to solar activity hardly affects the 1pcc conclusions concerning the an-
thropogenic signal. Instead, the suggested amplitude of the Gleissberg signal is competitive with
the internal variability of the climate system. This internal variability appears as noise with a
certain amplitude in a range of timescales, which makes observed climate anomalies acceptable,
rather than accounting for an exact match of warmer and cooler periods.

Combining the anthropogenic and volcanic signals results in a much lower total explained
variance of the observed temperature than the combinations in which the solar activity is in-
cluded as described above. It should also be emphasized that no combination of sunspot cycle
and long-term solar variation can explain the rapid increase of global mean temperature since
1970. This is in contrast with the work of Friis-Christensen and Lassen [1991].

We have also tested the cosmic ray - cloud cover hypothesis of Svensmark and Friis-Christen-
sen [1997], in which they claim a large impact of the sunspot cycle on global temperatures. They
found a high correlation between cloud cover and cosmic ray intensity over about one cycle,
which in turn is inversely connected with the number of sunspots. The impact of the suggested
changes in cloud cover on the global temperatures is shown in Figure 5.10. Although some of
the observed 11-year temperature fluctuations match the computed effects of the sunspot cycle,
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Figure 5.10: Test of the cosmic ray - cloud hypothesis of Svensmark and Friis-Christensen [1997]. A
decrease of 3% in average cloud cover is adopted between the minimum (1987) and maximum (1990)
solar activity of cycle 22, resulting in a radiative forcing of 1.25 Wm=2. This concept is proportionally
applied to the number of sunspots since 1880

this solar signal is out of phase before 1950. Moreover, the observed long-term trends are con-
siderably larger, showing a much colder epoch before 1930, and warmer epochs around 1940
as well as in the last two decades. Thus the proposed mechanism, explaining about 38% of the
variance, has a poor performance.

In the absence of a physical mechanism for the climate effects of solar cycle length varia-
tions, and hence causality, we may conclude on basis of the found correlation with the observed
temperature that there is a possible impact on climate. This signal would reduce the estimated
internal variability of the climate system, rather than the anthropogenic influence, which is also

physically well-understood.
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Chapter 6

Summary and Outlook

6.1 Summary

In this dissertation we focus on atmospheric radiative transfer and its change in the past one-
and-a-half century. In this period the composition of the atmosphere has been significantly
changing due to human activities. Therefore, we use a radiative transfer scheme, in which we
incorporate all relevant constituents for climate studies. We evaluate this scheme with surface
measurements of the downward longwave flux. In addition, we construct a 1D coupled ocean-
atmosphere model, in which the radiative transfer scheme forms a crucial part. Furthermore, we
apply these models to calculate the radiative forcing and subsequent temperature responses due
to a variety of anthropogenic and natural forcing mechanisms.

Our motive for this approach is that on global scale perturbations of the radiation balance are
strongly linked with subsequent (equilibrium) surface temperature changes, although the conver-
sion factor, the so-called climate sensitivity, contains an uncertainty by a factor of three among
the present generation of 3D climate models. This implies that an estimate of the climate effects
due to forcing mechanisms can only be obtained in a relative sense by studying the radiative
perturbations. Moreover, this justifies the use of a 1D climate model, i.e. a radiative-convective
model coupled with a simple ocean model, to study first order transient climate effects of forcing
mechanisms [IPcc, 1997]. Such an approach is very useful when comparing model output with
observed temperature changes.

Overview of Main Subjects

A broad-band radiative transfer scheme, which is based on the original Morcrette [1991]
longwave and Fouquart and Bonnel [1980] shortwave schemes, has been further developed with
respect to the inclusion of several greenhouse gases such as CH4, N2O, CFCs, HCFCs and
HFCs, as well as the implementation of the 14 um band of ozone and a new formulation of the
water vapor continuum (Chapter 3). Furthermore, we equipped the scheme with optical param-
eters of eleven aerosol components, based on the Global Aerosol Data Set (GADS) [Koepke et al,
1996]. The extended radiative transfer scheme has been selected to be part of the ECHAM4 cli-
mate model [Roeckner et al., 1996]. We have evaluated the longwave radiative transfer scheme
with surface measurements of the downward radiation at Cabauw, the Netherlands, under clear
sky conditions. In this evaluation, the scheme has been tested for three compilations of spec-

125



6. Summary and Outlook

troscopic line parameters. These parameters form the basis of pre-calculated temperature and
pressure dependent coefficients of the transmission functions for the greenhouse gases used in
the broad band scheme. These pre-calculations are performed with a detailed (narrow band)
longwave radiative transfer scheme. Also, we examined the impact of a change of the water
vapor continuum formulation. The sensitivity to possible inaccuracies in the input profiles of
temperature, humidity and ozone has been studied and compared with the standard deviation
and bias between the measurements and observations.

Qualitative insight in (tropospheric) longwave radiative transfer is obtained by simplify-
ing the governing radiative transfer equation into an analytical model, having three-parameters
(Chapter 2). The validity of this approximative model is illustrated by comparing its qualitative
results for the flux profile in the clear sky part of the global and annual mean atmosphere with
calculations using the aforementioned broad band scheme. In addition, the mechanism of the
enhanced greenhouse effect is discussed with the help of this analytical model. The effect is
separated for gases which are radiatively active inside and outside the most transparent part of
the longwave spectral region.

The broad band radiative transfer scheme is further used to compute global patterns of radia-
tive forcing due to increases of tropospheric ozone and sulfate as well as nitrate aerosols (Chap-
ter 4). These constituents possess the largest uncertainty ranges with respect to their radiative
forcings by which the total anthropogenic forcing is not well-known. The concentration fields
of these short-lived constituents and their precursors on a 10° x 10° grid are computed with a
three-dimensional transport/chemistry model of the atmosphere (MOGUNTIA) for the preindus-
trial (1850) case, the contemporary case (1990) and for the future (2050). The longwave as well
as the shortwave sensitivities of ozone are examined so as to estimate the uncertainty range of
the computed radiative forcing. In addition, analytical fits are derived for the shortwave forcing
by tropospheric ozone and sulfate aerosol as a function of surface albedo and the solar zenith
angle.

The broad band radiative transfer scheme is incorporated in a 10 coupled ocean-atmosphere
climate model (Chapter 5). In this model, we account for the fast redistribution of energy due to
sensible and latent heat fluxes, which maintain an average tropospheric lapse rate of 6.5 K/km.
In the model heat is stored in the ocean, thereby delaying and attenuating the response as com-
pared to the equilibrium response on forcing mechanisms. We also account for the water vapor
feedback in our climate simulations. The climate model is tuned as much as possible towards
the presently observed global mean climatology. With this model the temperature responses
on several natural and anthropogenic forcing mechanisms are examined. For the anthropogenic
component we use the time evolution of greenhouse gases and sulfate aerosols since 1850. The
effects of stratospheric aerosol changes due to (large) volcanic eruptions and of a possible im-
pact of variations in solar activity are incorporated so as to study the role of natural forcing
mechanisms. We note that there is large uncertainty in the total radiative forcing due to human
activity, mainly through the effects of anthropogenic aerosols. In addition, the physical mech-
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anism of the solar forcing is not (well) known. Therefore, we use a statistical technique to fit
the sum of the anthropogenic and natural climate responses to the observed global mean tem-
perature [Jones, 1994]. As such we aim to estimate their possible relative contributions to the
observed global warming.

Overview of Main Conclusions

1. Increases of greenhouse gases result in an increased opacity of the atmosphere for in-
frared radiation, except in the saturated part of the spectrum. Its consequence is a reduction of
the upward longwave flux and an increase of the downward flux at the tropopause level, both
contributing to a positive radiative forcing. For gases active in the atmospheric window region,
this reduction of the upward flux originates from increased attenuation of the emitted longwave
radiation from the earth’s surface. In contrast, for greenhouse gases active outside the window
region, e.g. where most of the CO2 bands are located, the flux reduction at the tropopause is
mainly caused by changes in radiation originating from the atmosphere itself. Such a change
in atmospheric flux results from a change in the cascade of enhanced absorption and emission,
which occurs if the longwave opacity of the atmosphere is increased.

2. Saturation occurs in a narrow spectral region in the center of the 15 um CO> band. It
implies that up to a certain altitude (in the stratosphere), where CO densities are high enough,
changes in the mixing ratio of this greenhouse gas do not result in net flux changes. Therefore,
its radiative forcing in this narrow spectral region is close to zero. However, the unsaturated
wings of the 15 um band are strong enough to dominate in the total radiative forcing due to CO»
changes by about 90%.

3. The changes in radiative fluxes at the atmospheric boundaries due to increases of green-
house gases can be interpreted as upward radiation which is effectively emitted from a higher
altitude (on average in the troposphere where temperatures are lower), and downward radiation
which is effectively emitted from a lower level, which is on average close to the earth’s surface.
From this point of view it follows that the average decrease of temperature with altitude in the
troposphere is essential for the occurrence of the enhanced greenhouse effect. This conclusion is
confirmed by our simplified analytical approach of longwave radiative transfer. The balance at
the top of the atmosphere, which is disturbed by less outgoing infrared radiation as compared to
the net incoming solar radiation, is eventually restored by an increase of the temperature of the
surface and the troposphere, thereby increasing the outgoing longwave radiation. This is known
as the enhanced greenhouse effect.

4. The broad band radiative transfer scheme, used throughout this dissertation, compares
very well with observations of the downward flux at the surface for a large range of temperatures
and humidities in 253 clear sky cases. Using the HITRAN 1996 compilation of spectroscopic
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parameters and the water vapor continuum formulation of Giorgetta and Wild [1995], we find
a correlation of 0.99. The bias of only -2 Wm~2 and the standard deviation of 4.2 Wm~2 are
both within the range of measurement errors. Using other compilations of spectroscopic line
parameters, the differences between modelled downward radiation and the measurements still
remain smaller than the measurement errors. Therefore, improvement can be accomplished by
increasing the spectral resolution as well as improving the water vapor continuum formulation
in broad band radiation schemes for climate modelling purposes. The agreement between our
model and the measurements is good enough to be confident in the accuracy of the radiative
forcing calculations, performed in the context of this dissertation.

5. We find globally and annually averaged radiative forcings over the industrial period
(1850—1990) of +0.38 and —0.36 Wm—2 for increases in tropospheric ozone and sulfate aerosol
(direct effects), respectively. These values indicate an approximate balance, which is also due to
the fact that both constituents are confined to specific regions, since their atmospheric residence
times are relatively short, albeit that ozone changes are more zonally dispersed. However, both
constituents have characteristic seasonal cycles, and their forcing dependencies on several radia-
tive parameters are quite different, resulting in large seasonal and regional differences between
their radiative forcing patterns. By examining the longwave as well as the shortwave sensitiv-
ities in relation to the uncertainties in the model-calculated fields and atmospheric conditions,
we find an estimate of the uncertainty range in the radiative forcing due to tropospheric ozone
increases of about 40%. Adding the radiative forcing due to well-mixed greenhouse gases since
1850 to that of 0zone and sulfate aerosols, some industrial regions show a net negative forcing,
indicating that the cooling effects of aerosols dominate. In the northern hemisphere we find the
largest longitudinal gradients in the total radiative forcing due to human activities (excluding
indirect effects of aerosols and stratospheric ozone depetion) in the summer season, especially
in the coastal regions. This poses some questions about possible consequences for climate on
regional scale due to dynamical feedbacks.

6. We made a first estimate of the radiative forcing due to nitrate aerosols, which tend to
be one order of magnitude smaller than the forcing due to sulfate aerosols on a global scale.
However, in some regions in Europe and the United States, large negative values of its radiative
forcing have been found. Also, we made an estimate of the radiative forcing due to ozone and
sulfate aerosol increases for the future (1990-2050). We demonstrated that a shift of the regions
with the largest forcings (positive for ozone and negative for sulfate aerosols) towards countries
with emerging economies can be expected.

7. We derived analytical fits for the (shortwave) forcing due to changes in sulfate aerosol
as well as ozone, as a function of surface albedo and solar zenith angle. Our fit for sulfate
aerosols performs better than the relationship by Charlson et al. [1991] in which the surface
albedo is the only parameter. These analytical expressions are useful in 3D models, for which
the implementation of a sophisticated radiation model is too time expensive.
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8. We tested the cosmic ray — cloud cover hypothesis of Svensmark and Friis-Christensen
[1997], which proposes a large impact of the sunspot cycle on global temperatures. Although
some of the observed 11-year temperature fluctuations match the computed effects of the sunspot
cycle, this solar signal is out-of-phase with the temperature record before 1950. Moreover, the
observed long-term trends are considerably larger, while the 11-year temperature fluctuations are
generally much smaller than can be expected from the suggested cloud cover variations. Instead,
we find that the observed 11-year temperature variations correspond best with a 0.11% change
in the solar constant per sunspot index difference of 150, which is in reasonable agreement with
measurements [Lean, 1991].

9. The suggested dominant influence of long-term variations in solar activity [Friis-Christen-
sen and Lassen, 1991], the so-called Gleissberg cycle, has also been examined. We find that
this signal might be responsible for the observed temperature increase between 1910 and 1940,
and partially responsible for the slight cooling between 1940 and 1970. However, the rapid
temperature increase of the last two decades is likely to originate from anthropogenic emissions.
Therefore, the Gleissberg cycle, for which we lack any physical mechanism with respect to its
climate impact, is more competitive with the internal variability of the climate system than with
the anthropogenic influence. We find that 88% of the slightly smoothed observed temperature
variations are explained for a combination of the anthropogenic influence (40%), the 11-year
sunspot cycle (8%) and the Gleissberg cycle (40%).

10. We estimate from the calculated climate response to anthropogenic and natural forcing
mechanisms and comparison with the observed global and annual mean surface temperature
since 1856, that the human influence on the latter up to now is +0.4+0.2K.

11. Simulations with our 1D climate model show stratospheric cooling due to enhanced
emission of mainly CO> in the 15 pm band, hence caused by human activity. In addition, the
model reproduces the excessive cooling in the lower stratosphere since the seventies, which
is caused by the trend in ozone depletion [Van Dorland and Fortuin, 1994] and matches the
observed temperature changes of —0.4+0.12 K per decade [Oort and Liu, 1993] quite well.

6.2 Outlook

The science of climate change has grown into a multidisciplinary field of research. The general
motive of putting much effort world-wide in climate research is primary driven by the notion
that we face a risk of rapid global warming in the next century, which is expected to be more
pronounced than the speed of natural variations since the end of the last ice-age about 12,000
years ago. The increase of global mean near surface air temperatures in the last two decades
certainly fits into this picture, but unequivocal proof that this is caused by human activities can-
not be given. Therefore, there is debate on the relative roles of anthropogenically and naturally
induced climate change, which is called the attribution problem [Ipcc, 1995].
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In some cases, criticism results in complete negation of the human influence on climate
[ESEF, 1996]. In this dissertation we have discussed two controversies, namely the subject of
CO3 saturation in relation to the misinterpretation of the mechanism of the enhanced greenhouse
effect [Barrett, 1995] (see Chapter 2) and the suggested dominant climate effects of variations in
solar activity [Friis-Christensen and Lassen, 1991; Svensmark and Friis-Christensen, 1997] (see
Chapter 5). Since the issue of climate has been placed on the political agenda, such controversies
lead quite frequently to doubts about the usefulness of reducing greenhouse gas emissions.

We may pose the fundamental question at what stage we will have gathered enough evidence
to prove that human activities cause global warming. By the time we know the answer, it is
without any doubt too late for taking measures due to the following reasons: Firstly, unequivocal
proof of the enhanced greenhouse effect means that the amplitude of the warming signal must
be about one order of magnitude larger than the estimated climate variability from observations
and the upper limit of possible external forcing mechanisms. Climate variability is of the order
of 0.5 K in the past century. Secondly, due to the long residence times of most greenhouse gases
the warming will continue for at least one century [Ipcc, 1995].

For the time being, we have to rely on our knowlegde of the physics of the climate system,
which is far from complete. However, since on a global scale perturbations in the radiation
balance are linked with temperature changes, the radiative forcing due to anthropogenic green-
house gases and aerosols can be compared with that by other mechanisms, such as variations
in the solar constant, changes in the stratospheric aerosol content due to volcanic eruptions,
and surface albedo changes. The radiative forcing due to increases of uniformly mixed green-
house gases (CO2, CH4, N2O, CFCs, HCFCs and HFCs) since pre-industrial times is relatively
well-known (within 15%) and estimated to be about +2.5 Wm~2. CO contributes most with
about 60%. The radiative effects of ozone changes, i.e. tropospheric increases and stratospheric
decreases, are more uncertain with a radiative forcing of +0.384-0.15 Wm~2 (Chapter 4) and
—0.05to —0.2 Wm~2 [Ipcc, 1995], respectively. In contrast, the radiative perturbations due to
aerosols are poorly known. Recent estimates of the direct effects yield a negative forcing of
—0.5 Wm~—2 with a factor of two uncertainty. The indirect effects of aerosols, i.e. changing the
optical properties and lifetimes of clouds, have a very low confidence level. The forcing lies
somewhere between the 0 and —1.5 Wm~2. This results in a total anthropogenic radiative forc-
ing of +1.541.0 Wm~2. Figure 6.1 shows the radiative forcing due to changes in greenhouse
gases, sulfate aerosols and the total anthropogenic forcing added to the effects of large volcanic
eruptions as calculated with the radiative transfer scheme [Van Dorland, 1998]. The latter curve
shows that large volcanic eruptions have a dominant impact on short time scales. In contrast,
human activities cause a steady increase of the total radiative forcing, in particular since 1970.
This picture is in general agreement with the observed global mean temperature increase with
an approximate delay of a decade due to the heat capacity of the world’s oceans (Chapter 5).

Based on future emission scenarios, it is expected that effects of greenhouse gases will dom-
inate over the cooling effects of aerosols in the next century. This results in a total radiative
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Figure 6.1: Estimate of the radiative forcing in Wm~2 since 1850 due to increases of the greenhouse
gases CO,, CHy4, N2O, CFCs and tropospheric ozone increases as well as depletion of stratospheric ozone
(curve ‘greenhouse gases’), direct and indirect effects of sulfate aerosols (curve ‘sulfate aerosols’). The
radiative forcing due to changes of volcanic aerosol in the stratosphere [Sato et al., 1993] is added to the
total anthropogenic forcing of greenhouse gases and aerosols (curve ‘anthropogenic + volcanic’). These
curves are calculated with the broad band radiative transfer scheme using global and annual average
atmospheric conditions.

forcing of +4 to +8 Wm~=2 in 2100 [iPcc, 1995]. It should be emphasized that present uncer-
tainties of the total radiative forcing are excluded in this range. Adopting these uncertainties,
the total radiative forcing in 2100 will amount somewhere between +1.5 and +13 Wm~—2. Us-
ing the uncertainty in climate sensitivity, being a factor of three (see Chapter 2), the possible
global mean near surface air temperature increase ranges from +0.5 K to +14 K. The lower limit
is approximately equal to the estimated climate variability in the last century. The upper limit
would exceed natural climate variations since the end of the last ice-age by a factor of seven
(see section 2.6.2)! Moreover, from climate simulations with complex 3D models it follows that
temperature increases due to the enhanced greenhouse effect are unequally distributed over the
globe. Therefore, we face a serious risk of effects associated with climate change due to hu-
man activity in the next century even without the possible unpleasant surprises due to nonlinear
climate feedbacks.
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But how realistic are both aforementioned limits of the global mean temperature increase?
Since the product of radiative forcing and climate sensitivity determines the global mean tem-
perature change, observations of temperature in the next decades will contain some information
about the bounds of these parameters. In fact, we based our estimate of the total human influence
on climate up to now, namely between 0.2 and 0.6 K (see conclusion 10), on the comparison
with the observed temperature. Simultaneously, it is likely that additional information about
anthropogenically induced climate change will be extracted from a combination of model out-
put and observations of changes in the temperature patterns, the so-called fingerprint method
[Santer et al., 1996].

Nevertheless, efforts should be put in narrowing the uncertainty ranges of the radiative forc-
ing due to the direct and indirect effects of aerosols. Furthermore, understanding of changes in
the hydrological cycle and in particular the role of clouds therein, are crucial for the determina-
tion of the magnitude of the climate sensitivity parameter. Also, the indirect effects of aerosols
are tightly connected with the microphysics of clouds. In this respect, global satellite monitoring
together with the development of accurate retrieval algorithms for ozone, aerosols and clouds
are expected to improve climate modelling.

Although comprehensive 3D coupled ocean-atmosphere models are necessary to study and
understand climate cycles and feedback mechanisms, radiative transfer schemes and simple 1D
climate models remain useful tools for the determination of the radiative forcing and the sub-
sequent global and annual mean temperature response due to anthropogenic and natural forcing
mechanisms.
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