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Abstract 
Climate change can be caused by various anthropogenic or natural factors that influence atmospheric changes. The direct 
link between human activity and the environment is represented by the interaction mechanisms between anthropogenic factors 
such as urbanization, deforestation, hydrological changes, greenhouse gases and aerosols. These interaction mechanisms are 
assessed by the current state of knowledge in the climate change field.

One of these mechanisms is related to greenhouse gases (GHGs), which increase surface level heating and lowers atmospheric 
temperature in the long term by increasing atmospheric GHG concentration. This heating reduces air density parcel and 
increases total evaporation to transfer excess heat from surface (latent heat) to atmosphere.

Another mechanism is related to anthropogenic aerosols, which have direct and indirect effects on climate change with variable 
direct radiative forcing depending on the nature, density and composition of the aerosol particles. Anthropogenic sulphate is 
the main element that influences atmospheric conditions through its direct and indirect effects, which delay global warming 
by increasing the albedo and the lifetime of clouds formed by water droplets.

A third mechanism is related to deforestation, which affects the environment according to the results of climate models based 
on deforestation scenarios. Deforestation alters the heat exchange between the oceans (relatively warm) and the atmosphere 
(relatively cold), generating a sensible heat flux (warming) that influences neighbouring regions. Deforestation also lowers 
surface temperature by changing coniferous vegetation to tundra and desert, causing a cooling of up to -4°C in North America 
and -6°C in Siberia. In Europe, deforestation scenarios show a decrease in surface temperature of -2°C to -3°C in spring and 
-1°C in summer in northern mid-latitudes, mainly due to the delayed melting of spring snow.
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1. Introduction
The climate is explained mainly by the interactions between 
many components of the Earth system. The main drivers of 
the Earth's climate system are the atmosphere and the oceans, 
were exchange large amounts of energy through ocean currents, 
winds, evaporation and precipitation. The climate of a given 
location on the globe is usually stable over a century scale, but 
it can change significantly over geological time due to natural or 
anthropogenic factors.

The climate of a region can be characterized by its mean 
temperature and precipitation, and their seasonal variations. 
These variables depend mainly with latitude, longitude, altitude 

and proximity to water bodies. Other factors that can influence 
climate are solar radiation, the tilt and rotation of the Earth. 
Thus, solar radiation was affected by land surface, sea surface, 
ice cover, vegetation, wildlife and human activities.

We will study in this article human activities effects on the 
climate system through three main mechanisms: the greenhouse 
gases (GHG), the aerosols and the deforestation. We will use 
the climate models results to simulate the mechanisms effects 
on atmospheric changes. We will focus on the Mediterranean 
region, which covers a large area of Europe, Western Asia, 
the eastern Atlantic Ocean and North Africa (20 to 55 degrees 
latitude and - 20 to 30 degrees longitude). We will compare 
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climate data from two periods: the pre- industrial period (1948-
1976) and the modern period (1977-2021). We will analyze the 
variability of temperature and precipitation between these two 
periods through their anomalies and explain the physical causes.

Greenhouse Gases (GHG)
GHGs are gases that absorb a quantity of atmospheric radiation 
which contribute to climate change. The carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O), hydrofluorocarbons 
(HFCs) and sulphur hexafluoride (SF6) represents the main 
anthropogenic GHGs. These GHGs are emitted following 
human activities where the use of fossil fuels, agriculture, 
land use change, industry and waste management are implied.. 
According to the Ministère de la Transition Écologique de la 
France (2021), GHG emissions related to human activities 
represented the equivalent of 55.3 billion tonnes of CO2 in 2018, 
with CO2 accounting for 75% of these emissions.

The global CO2 emission increased by 1.9% in 2018, reaching 
a level that was more than 65% higher than in 1990. However, 
there were significant differences among countries in terms of 
their emissions levels and trends. China was the largest emitter 
of CO2 in 2018, with 30% of the global share, followed by the 
United States with 14% and the European Union with 8%. On 
average, each person in the world emitted 5.0 tonnes of CO2 per 
year in 2018, which was 16% more than in 1990.

According to Easterling et al. (1997), IPCC (2001a) and Sha Zhou 
et al. (2023), the increase of the atmospheric GHG concentration 
enhances the natural greenhouse effect, which is the process by 
which the Earth's surface and lower atmosphere are warmed by 

the absorption and re-emission of infrared radiation by GHGs. 
This may cause an increase in the global surface temperature 
mean, which can affect various aspects of the climate system, 
such as precipitation patterns, sea level rise, extreme weather 
events, ice melt, ocean acidification and loss of biodiversity [2-
4]. The Intergovernmental Panel on Climate Change (IPCC) 
estimates that the global mean temperature has increased by
about 1.1°C since the pre-industrial period (1850-1900), and 
projects that it will increase by 1.5°C to 4.5°C by 2100 depending 
on the future GHG emission scenarios.

According to the IPCC (2000), about 270 giga tonnes of carbon 
were released into the atmosphere from 1850 to 1998 due to 
fossil fuel use and cement production. The CO2 concentration 
increased from 278 ppmv in the pre-industrial period to 410 
ppmv in 2019 [5]. This increase has accelerated since the mid-
1960s, reaching an annual mean increase of 2.6 ppmv from 2018 
to 2019.

Since the pre-industrial era (1750), anthropogenic gas emissions 
have had a significant impact on the greenhouse effect, as they 
absorb infrared radiation emitted by the Earth's surface and 
re-emit it back to the atmosphere. The absorption rate of this 
terrestrial energy depends on the atmospheric GHG concentration 
and the layer thickness that absorbs it. Among the GHGs, water 
vapor (H2O) plays a predominant role and contributes to 62.5% 
of this effect, but its concentration is variable in the atmosphere 
with time and space. Other gases such as CO2, CH4, N2O, O3 
and CFCs have a considerable influence on the greenhouse effect 
in the atmosphere, as they have increased considerably over the 
past century due to human activities.
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Table 1   Conventional values of greenhouse gases in "CO2 equivalent", 
according to the 5th report of the IPCC (2014). 

  GWP, Global Warming Potential (eq CO2) 

  over a period of 20 
years 

over a period of 100 
years 

CO2 (carbon dioxide) 1 1 
CH4 (methane) 84 28 
N2O (nitrous oxide) 264 265 
CF4 (carbon tetrafluoride) 4880 6630 
HFC-152a (1,1-
difluoroethane) 506 138 

 
Table 2: Hydrological measurements results in the Swedish boreal forest at the 
NOPEX site,, according to Grelle et al. (1997). 
 

 Total 
precipitation 
measured 
(mm) 

Cumulative 
precipitation on 
the ground 
(mm) 

Total evaporation 
measured (mm) 

Transpiration 
(mm) 

Forest soil 
evaporation 
(mm) 

16/05 - 31/10 250 176 322 243 56 

16-19/07  23.4 17.6 11.2 5* 2.7* 

 
*: Estimated values from the figures in Grelle et al. (1997). 

 
Table 3:  Results of mean global variation of surface temperature (T), cloud 
forcing (CF) and precipitation (P) by the effect of anthropogenic aerosols, at 
each MGC experiment, according to Williams et al. (2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expérience T (K) CF (Wm-2) P (%) 

BOTH -1.37 -1.69 -0.038 

IND1 -1.17 -1.37 -0.032 

IND2 -0.34 -0.38 -0.010 

A-BOTH -0.07 -1.62  

A-IND1 -0.06 -1.43  

A-IND2 -0.01 -0.29  

Table 1: Conventional values of greenhouse gases in "CO2 equivalent", according to the 5th report of the IPCC (2014).

Table 1 shows the conventional values of GHGs in CO2 equivalent 
in the atmosphere [6]. CO2 is the dominant gas, accounting for 
79% of the greenhouse effect, followed by CH4 with 14% and 
N2O with 5%. The IPCC (1996) showed that the concentrations 
of CO2, CH4 and N2O increased respectively by 30%, 45% and 
15% between 1750 and 1992 due to human activities. The CO2 
concentration increased from 278 ppmv in the pre-industrial 
period to 410 ppmv in 2019 [5]. The CO2 emissions from 1850 
to 2019 were 2400±240 GtCO2, of which nearly 58% occurred 
between 1850 and 1989, and nearly 42% occurred between 
1990 and 2019. The atmospheric CO2 concentration in 2019 
was higher than at any time for at least 2 million years [7]. 

The increase in atmospheric GHG concentration enhances the 
natural greenhouse effect, which leads to a rise in global mean 
temperature. This affects various aspects of the climate system, 
such as precipitation patterns, sea level rise, extreme weather 
events, ice melting, ocean acidification and biodiversity loss.

Forests have an important regulator in of the atmospheric GHG 
concentration, as they absorb a significant amount of CO2 from 
the atmosphere through photosynthesis. Thus, forests act as 
GHG sinks, storing carbon in their biomass [7-12]. However, 
forests can also become sources of GHGs when they release 
carbon into the atmosphere due to forest fires or land conversion 
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to agriculture or urban areas. Therefore, deforestation can causes 
the GHG emissions and change the climate [13].

1.2 Physical Effects
The Earth's climate system is influenced by the energy from 
space, mainly from the sun. The sun emits radiation with 
wavelengths ranging from 0.2 μm to about 4 μm (Figure 1), 

including ultraviolet (shortest wavelength), visible (between 
0.40 μm and 0.80 μm) and infrared (longest wavelength). The 
visible radiation represents almost half of the total energy that 
reaches the atmosphere. Some of this radiation is absorbed by 
atmospheric components such as clouds, CO2 (55%), CH4 
(15%) and N2O (6%), while some is reflected back to space by 
the Earth's surface [14].
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Figure 1: Spectral emission of a black body for the sun (6000K) and the earth 
(255K) as a function of wavelength, taken from Hartmann (1994).. 

 
 
 
 
Figure 2: Different global radiative forcings by external climatic factors, 
according to IPCC (2001a). 

 
  

Figure 1: Spectral emission of a black body for the sun (6000K) and the earth (255K) as a function of wavelength, taken from 
Hartmann (1994).

In reality, not all of the visible energy from the sun is absorbed 
by the earth-atmosphere system. About 30% of this energy is 
reflected back to space by the surface, clouds, and aerosols. The 
remaining 70% is the net flow of energy that heats up the planet 
(the global
 
mean value of this heating is 240 W m-2). To maintain thermal 
equilibrium, the earth- atmosphere system also emits infrared 
radiation to space. This emission originates from either the 
earth's surface or from gases and clouds in the atmosphere.

Atmospheric gases and clouds play a major role in the thermal 
balance of the earth- atmosphere system. The natural greenhouse 
effect adds more than 2.5 W m-2 (nearly 1% of the planetary 
energy flow) to the system, with the largest contribution coming 
from CO2 [6,7,15-17]. Nearly half of this thermal contribution 
comes from other GHGs such as methane (CH₄), nitrous oxide 
(N₂O), CFCs and tropospheric ozone (O₃). However, an increase 
of these atmospheric gases concentration (due to anthropogenic 
GHGs) may lead to a change in the global temperature that could 
cause an increase in the earth-atmosphere heating.

1.2.1 Data Analysis
The data analysis for the northern hemisphere indicates that, 
during the 20th century, the surface temperature increase was 
the most pronounced in the past 1000 years [3,7]. The main 
anthropogenic GHGs [carbon dioxide (CO2), methane (CH4), 
nitrous oxide (N2O) and tropospheric ozone (O3)] have 

experienced record increases since 1990 due mainly to the 
use of fossil fuels, agriculture and land use [18]. CO2 is the 
most important of these GHGs since its concentration in the 
atmosphere has risen considerably in recent decades [3,6,7,17]. 
To understand how these GHGs interact with the atmosphere, 
we will rely on the climate results from the atmospheric General 
Model Circulation (GMC).

Climate models are generally used to predict future climate with 
GHGs forcing and other factors that can influence atmospheric 
processes, such as aerosols, deforestation or
 
urbanization. The IPCC (2023) reported that GHG forcing 
resulted in a doubling of CO2 concentration by 2100 for the 
high and very high GHG emissions scenarios, and by 2050 for 
the intermediate GHG emission scenario [7]. The intermediate 
GHG emission scenario has CO2 emissions remaining around 
current levels through mid-century. The very low and low GHG 
emissions scenarios have CO2 emissions declining to net zero 
around 2050 and 2070, respectively, followed by varying levels 
of net negative CO2 emissions.

The climate system has experienced a remarkable increase in 
the global radiative forcing as a result of GHG effect during 
the last decade [7,17,20]. This forcing is estimated from 
indicators related to anthropogenic and natural influences 
on the atmosphere (Figure 2). The IPCC (2001a) reported an 
increase in global radiative forcing of 1.46 Wm-2 due to the 
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CO2 concentration increase, an increase of 0.48 Wm-2 due to 
the CH4 concentration increase, and an increase of 0.15 Wm-2 
due to the N2O concentration increase in the atmosphere for 
the year 2000, giving a total positive radiative forcing of 2.43 
Wm-2. On the other hand, a negative radiative forcing of -0.15 

Wm-2 was estimated due to the reduction of stratospheric ozone 
(O3). Thus, it was estimated that tropospheric ozone increased 
by 36% since 1750. This increase in global radiative forcing 
corresponded to 0.35 Wm-2 (Figure 2), varying considerably 
from one region to another [3].
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Figure 2: Different global radiative forcings by external climatic factors, 
according to IPCC (2001a). 

 
  Figure 2: Different global radiative forcings by external climatic factors, according to IPCC (2001a).

1.3 Deforestation
The forest plays an important role in the climate balance at 
global scale. Vegetation changes can affect climatic conditions 
by altering the carbon cycle, the water cycle, and the energy 
balance [21,22]. Vegetation growth enhances heat transfer and 
increases the height of the Earth's boundary layer, the
 
lowest part of the atmosphere that is highly sensitive to surface 
radiation. This increase in turn affects cloudiness and surface 
radiation. On the contrary, the degradation of vegetation 
increases the surface albedo, which reduces the amount of solar 
radiation absorbed by the ground, which could cool the surface. 
In addition, total evaporation would decrease considerably 
following the removal of vegetation [23,24]. These two 
parameters (ground albedo and evaporation) can significantly 
influence the atmosphere and climate.

The logging of forest wood poses a challenge related to human 
activity that could alter the climate. In Canada, approximately 
one million hectares of forest are harvested annually [10]. The 
construction of dams could also greatly affect the water balance 
in these regions. Large hydroelectric dams, for example, have 
led to the degradation of forests and wildlife habitats as well 
as the significant reduction of water in lakes and rivers for 
electricity generation (GCSI and Environnement Canada, 1997 
and 1999). Fog formation, temperature variation due to water 
heat capacity, humidity variation, precipitation, soil erosion and 
evapotranspiration are among the main factors that could be 
modified by the effect of hydroelectric reservoirs.

Moreover, Potter et al. (1981) showed that increasing soil albedo 
cools the surface slightly [25]. Price and Rind (1994) explained 
that a change in vegetation increases the ground albedo by 
causing a reduction in the amount of solar radiation absorbed by 
the ground surface, which can then cool the surface [26]. Crowley 
and Baum (1997) explained that a large decrease in surface 
temperature, accompanied by an increase in albedo, is due to 
changes in vegetation [27]. Douville and Royer (1997) showed 
that the effect of deforestation would cause surface cooling due 
mainly to the delay in snow melting in spring [28]. Wyputta and 
McAvaney (2001) mentioned that vegetation influences climate 
mainly through its effects on surface albedo, evaporation, 
transpiration and ground roughness [21]. On the other hand, Xue 
et al. (1990) showed that increasing ground albedo is followed 
by surface warming [29]. Following the soil albedo change, the 
surface temperature variability depends on the increase and/or 
decrease in soil moisture as the vegetation cover changes [30]. 
Data observed in China and Brazil has shown that the increase 
in surface temperature and the decrease in precipitation are the 
results of a decrease in tropical forest cover, which increases the 
surface albedo mentioned that the surface albedo has a large role 
in determining the surface energy balance and that the radiative 
forcing induced by the albedo has a significant impact on climate 
and environment [31-33].

1.3.1 Physical Effects
The radiation balance in the atmosphere plays an essential 
role in the surface thermal balance that is involved in several 
physical and dynamic processes. The solar radiation absorption 
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and the radiation emission by the earth's surface are physical 
processes that can modify the radiative balance. Thus, the heat 
exchange associated with water phase changes, such as the latent 
heat released during the condensation of water vapor in clouds, 
influences the atmospheric heat balance and causes instability in 
the convective air parcels [34,35].

The net radiative energy at the surface is the sum of the solar and 
terrestrial fluxes,

 defined by
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on surface albedo, evaporation, transpiration and ground roughness. On the other hand, 

Xue et al. (1990) showed that increasing ground albedo is followed by surface warming. 

Following the soil albedo change, the surface temperature variability depends on the 

increase and/or decrease in soil moisture as the vegetation cover changes (Rind, 1984). 

Data observed in China and Brazil has shown that the increase in surface temperature and 

the decrease in precipitation are the results of a decrease in tropical forest cover, which 

increases the surface albedo (Wood and Nelson, 1991; Li and Lai, 1991). Zhang, X et al. , 

2022) mentioned that the surface albedo has a large role in determining the surface 

energy balance and that the radiative forcing induced by the albedo has a significant 

impact on climate and environment. 

 

2.1 Physical effects 

The radiation balance in the atmosphere plays an essential role in the surface thermal 

balance that is involved in several physical and dynamic processes. The solar radiation 

absorption and the radiation emission by the earth's surface are physical processes that 

can modify the radiative balance. Thus, the heat exchange associated with water phase 

changes, such as the latent heat released during the condensation of water vapor in clouds 

(Buttar et al., 2022), influences the atmospheric heat balance and causes instability in the 

convective air parcels (Anthes, 1997, page 124). 

The net radiative energy at the surface is the sum of the solar and terrestrial fluxes, 

defined by 

)0()0()0()0(   FFSSRs  

                                    (2.1) 

Where S↓(0) and S↑(0) represent, respectively, the downward 
and upward fluxes of solar radiation at the surface, and F↓(0) and 
F↑(0) represent, respectively, the downward and upward fluxes 
of terrestrial radiation (longwave radiation) at the surface.

The albedo is the representative parameter that can influence the 
radiative characteristics of the surface. This parameter affects 
the net downward solar energy flux; it is defined as the fraction 
of upward solar flux that is reflected by the surface.
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Where S↓(0) and S↑(0) represent, respectively, the downward and upward fluxes of solar 

radiation at the surface, and F↓(0) and F↑(0) represent, respectively, the downward and 

upward fluxes of terrestrial radiation (longwave radiation) at the surface. 

The albedo is the representative parameter that can influence the radiative characteristics 

of the surface. This parameter affects the net downward solar energy flux; it is defined as 

the fraction of upward solar flux that is reflected by the surface. 
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  (2.2) 

The surface albedo varies widely with the surface and the atmospheric conditions, 

ranging from 5% (minimum) for the oceans in low wind speeds, up to 90% for fresh 

snow. Surface albedo also varies with solar zenith angle, wind speed, and the chemical 

composition of water in oceans, seas, and lakes. The presence of a cloud greatly changes 

the surface albedo, depending mainly on its optical thickness (Hartmann, 1994: page 91). 

In northern regions, deforestation increases the surface albedo in winter, spring and early 

summer due to the snow accumulation in winter and the delayed melting in spring. This 

variability could directly influence the physical parameters of the surface and the 

atmosphere. 

 

2.2 Data analysis 

Since the 1980s, GCMs have been used to study climate for various scenarios. The CO₂ 

doubling example has been used to examine the possible implications of the GHG effect 

on climate (Manabe and Wetherald, 1987; Laprise et al., 1998; Boer et al., 2000; Flato et 

al., 2000; Richardson, 2023). Other experiments have analyzed the potential effect of 

deforestation in northern regions (Harvey, 1988; Harvey, 2000; Chalita and Le Treut, 

The surface albedo varies widely with the surface and the 
atmospheric conditions, ranging from 5% (minimum) for the 
oceans in low wind speeds, up to 90% for fresh snow. Surface 
albedo also varies with solar zenith angle, wind speed, and 
the chemical composition of water in oceans, seas, and lakes. 
The presence of a cloud greatly changes the surface albedo, 
depending mainly on its optical thickness [36]. In northern 
regions, deforestation increases the surface albedo in winter, 
spring and early summer due to the snow accumulation in 
winter and the delayed melting in spring. This variability could 
directly influence the physical parameters of the surface and the 
atmosphere.

1.3.2 Data Analysis
Since the 1980s, GCMs have been used to study climate for 
various scenarios. The CO₂ doubling example has been used to 
examine the possible implications of the GHG effect on climate 
[37-41]. Other experiments have analyzed the potential effect of 
deforestation in northern regions
 
 [15,42,43,28]. Otterman et al (1984) suggested a -1.9°C decrease 
in surface air temperature in a treeless forest in the northern 
hemisphere. Harvey (1988) confirmed that the replacement of 
ice cover by vegetation leads to a significant warming of the 
earth's surface [42]. Thomas and Rowntree (1992) showed that 
the absence of forest in the UK Meteorological Office (UKMO) 
Global Climate Model (GCM) would cause a - 8°C decrease in 
surface temperature in spring and delay snowmelt during this 
season. Chatila and Le Treut (1994) from the Laboratoire de 
Météorologie Dynamique (LMD) found a decrease in surface 
temperature following forest removal in the GCM [44].

The results of the global climate model ARPEGE (Action 
Recherche Petite Échelle Grande Échelle), developed by 
Météo-France and the European Center for Medium-Range 
Numerical Prediction (ECMWF), are presented in the form 
of two simulations [45]. The first simulation shows the results 
for a current climate scenario (CTR control experiment for 
four years). The second simulation explores a scenario of 
deforestation in the boreal region during the same four-year 
period (DEF experiment). All northern forests above latitude 
45°N have been replaced by grasslands. This change will affect 
the climatic conditions in these regions.

The results from the ARPEGE model showed seasonal variation 
in the mean zonal anomalies of snow depth, clear-sky surface 
albedo, and surface air temperature over the continental 
northern hemisphere (Figure 3). In spring at mid-latitudes, the 
deforestation simulation in ARPEGE delayed snowmelt. The 
maximum of the zonal average snow depth anomaly exceeded 10 
cm in May at 60°N latitude. The snow melted completely by the 
end of August at the 60°N latitude and by the end of June at the 
45°N latitude in these regions (Figure 3). This delay in snowmelt 
postponed the warm summer season. Thus, the maximum 
increase of the albedo occurred in spring when it rose by 10% in 
a deforestation scenario during the cold period (February-June: 
Figure 3). This cooling is clearly visible in Figure 3 where the 
mid-latitude surface temperature anomaly was between -2°C 
and -3°C in spring. This cooling was relatively lower during the 
summer season when its anomaly decreased due to the delayed 
snowmelt in spring.
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Figure 3: Seasonal cycle of zonal mean anomalies of A) snow depth (cm), B) 
clear-sky ground albedo (%) and C) surface air temperature (°C) in continental 
northern hemisphere. The abscissa axis describes the months of the year, 
according to Douville and Royer (1997). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 3: Seasonal cycle of zonal mean anomalies of A) snow depth (cm), B) clear-sky ground albedo (%) and C) surface air 
temperature (°C) in continental northern hemisphere. The abscissa axis describes the months of the year, according to Douville and 
Royer (1997).

Douville and Royer (1997) explained the cooling from the surface 
energy balance terms. This balance is expressed in ARPEGE 
by the summation of four components which are: the net solar 
radiation, the net infrared radiation, the flow of sensible heat and 
the flow of latent heat. Net solar radiation has been reduced to 15 
Wm-2 as a spring deforestation result (Figure 4). The increase in 

surface albedo is the cause of this reduction. The snow layer has 
replaced the mask of forest vegetation. The significant decrease 
in net solar radiation is partially compensated by the growth of 
other components of the energy balance such as sensible heat 
flux and latent heat flux [28].
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Figure 4: Seasonal cycle of Zonal mean control values (ARPEGE simulation without 
modification) and anomalies (deforestation scenario) of A) net solar radiation, B) net 
infrared radiation, C) flux of sensible heat, and D ) latent heat flux in the northern 
hemisphere. All values are expressed in W/m2. The abscissa axis describes the months of 
the year, according to Douville and Royer (1997). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 4: Seasonal cycle of Zonal mean control values (ARPEGE simulation without modification) and anomalies (deforestation 
scenario) of A) net solar radiation, B) net infrared radiation, C) flux of sensible heat, and D ) latent heat flux in the northern 
hemisphere. All values are expressed in W/m2. The abscissa axis describes the months of the year, according to Douville and Royer 
(1997).
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The latent heat flux generally decreased over the continents in 
response to the surface cooling phenomenon. The average value 
of its anomaly exceeded 15 Wm-2 in late winter and spring at 
mid-latitudes (Figure 4). The decrease in the latent heat flux, 
expressed by a positive anomaly, is explained by the following 
reason: the fluxes in ARPEGE are chosen to be positive 
when they are downward, that is, when they heat the surface. 
Therefore, the latent heat flux in ARPEGE is negative when 
there is evaporation. The decrease in evaporation will thus cause 
a decrease in the latent heat flux after deforestation.

The sensible heat flux decreased slightly at mid-latitudes after 
the deforestation scenario in ARPEGE. This decrease was about 
2 Wm-2 in summer (Figure 4). The sensible heat flux represents 
the amount of heat exchanged by conduction between the 
surface and the atmosphere. The cooling of the surface in the 
deforestation scenario was the cause of the decrease of this flux, 
which may be related to the vertical diffusion generated by the 
turbulence over the cold continents in ARPEGE. Finally, the 

increase of net infrared radiation in these regions (Figure 4) was 
mainly due to the change in surface albedo following the change 
in roughness and vegetation.

Forests are very sensitive to deforestation. To better understand 
the interaction between forests and hydrological variability, two 
experiments were conducted by BOREAS in North America 
and NOPEX in northern Europe [8,46,47]. The experiment 
at the NOPEX central site in Sweden in 1995 helped explain 
hydrological variability in mid-latitude forests during the 
summer season [23]. Measurements of total precipitation, 
accumulated precipitation on the ground, total evaporation, 
transpiration and evaporation from the forest floor were used 
to quantify evaporation partitioning during the 1995 summer 
season (Table 2). Total precipitation was measured at an altitude 
of 100 meters. Accumulated precipitation on the ground was 
measured in a 5-meter x 0.1-meter aluminum insulated trough, 
moved to ground level. Evaporation was measured at three 
levels (35, 70 and 100 meters).
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Table 1   Conventional values of greenhouse gases in "CO2 equivalent", 
according to the 5th report of the IPCC (2014). 

  GWP, Global Warming Potential (eq CO2) 

  over a period of 20 
years 

over a period of 100 
years 

CO2 (carbon dioxide) 1 1 
CH4 (methane) 84 28 
N2O (nitrous oxide) 264 265 
CF4 (carbon tetrafluoride) 4880 6630 
HFC-152a (1,1-
difluoroethane) 506 138 

 
Table 2: Hydrological measurements results in the Swedish boreal forest at the 
NOPEX site,, according to Grelle et al. (1997). 
 

 Total 
precipitation 
measured 
(mm) 

Cumulative 
precipitation on 
the ground 
(mm) 

Total evaporation 
measured (mm) 

Transpiration 
(mm) 

Forest soil 
evaporation 
(mm) 

16/05 - 31/10 250 176 322 243 56 

16-19/07  23.4 17.6 11.2 5* 2.7* 

 
*: Estimated values from the figures in Grelle et al. (1997). 

 
Table 3:  Results of mean global variation of surface temperature (T), cloud 
forcing (CF) and precipitation (P) by the effect of anthropogenic aerosols, at 
each MGC experiment, according to Williams et al. (2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expérience T (K) CF (Wm-2) P (%) 

BOTH -1.37 -1.69 -0.038 

IND1 -1.17 -1.37 -0.032 

IND2 -0.34 -0.38 -0.010 

A-BOTH -0.07 -1.62  

A-IND1 -0.06 -1.43  

A-IND2 -0.01 -0.29  

Table 2: Hydrological measurements results in the Swedish boreal forest at the NOPEX site,, according to Grelle et al. (1997).
*: Estimated values from the figures in Grelle et al. (1997).

Transpiration was measured using the internal thermal 
conductivity method and the internal sensitivity of the tree 
temperature gradient at different diameters [48]. Evaporation 
from the forest floor was measured in an open mobile chamber 
measuring 0.6 square meters [49]. Finally, the water balance of 
forest vegetation was calculated by adding total precipitation, 
transpiration and evaporation from the forest floor, and 
subtracting the amount of precipitation accumulated on the 
ground from total evaporation. Total evaporation refers to 
transpiration, evaporation from the forest floor and intercepted 
evaporation (the difference between total precipitation and 
precipitation accumulated on the ground). The method for 
calculating this water balance was described in Grelle et al. 
(1997) [23].

The results of the various hydrological measurements in the 
Swedish forest have shown that evaporation is a significant 
component of the total water balance from the forest floor. 
During the measurement period from May 16 to October 31, 
1995, the total precipitation accumulation was 250 mm, the 
cumulative precipitation on the ground was 176 mm and the 
intercepted evaporation was 74 mm, corresponding to 30% of 
the total precipitation. The cumulative total evaporation was 
322 mm, the transpiration was 243 mm and the forest floor 
evaporation was 56 mm. The calculated total evaporation (the 

sum of intercepted evaporation, transpiration and forest floor 
evaporation) was more than 51 mm higher than the measured 
total evaporation. This difference represents the water storage 
capacity of the vegetation. In fact, two types of forest age were 
used in this experiment. Transpiration was measured in a dense 
forest (50 years old), while total evaporation was measured in a 
more mature forest (100 years old).

By eliminating the forest cover, the hydrological cycle will 
be affected. The albedo, evaporation and transpiration will 
consequently change which would modify the energy and water 
balance of the surface and the atmosphere. This experience 
showed that for forests with different ages can effects the 
hydrological system, such as intercepted evaporation and 
transpiration. These processes can regulate the air temperature, 
rainfall and humidity.

The results of a measurement campaign at the NOPEX site in 
Sweden, where the hydrological variability of a mid-latitude 
forest was studied during the summer season of 1995. Four-day 
period when heavy scattered precipitation occurred (July 16-19, 
1995). During this period, the total precipitation accumulation 
was 23.4 mm and the precipitation on the ground was 17.6 mm. 
The difference between these two values (5.8 mm) represents 
the intercepted evaporation, which is the amount of water that 
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evaporates from the leaves and branches of the trees before 
reaching the ground. Intercepted evaporation is an important 
component of the forest water balance forest, as it reduces the 
water amount that infiltrates into the soil or runs off to streams 
and rivers. The total measured evaporation was 11.2 mm, which 
includes both intercepted evaporation and evaporation from the 
forest floor (the soil and litter layer). The sum of intercepted 
evaporation, forest floor evaporation and transpiration (the water 
vapor released by plants through their stomata) was 13.5 mm, 
almost half of which was transpiration (6.7 mm). Transpiration 
is another component of the forest water balance, as it regulates 
the temperature and humidity of the air and influences cloud 
formation and precipitation patterns. The water storage capacity 
of forest vegetation was between 1.5 mm and 3.3 mm during 
this rainy period, which means that some water remained in the 
vegetation after evaporation and transpiration processes. The 
water storage capacity depends on factors such as vegetation 
type, leaf area index, canopy structure, and rainfall intensity and 
duration. The data used for this text are from Grelle et al. (1997) 
[23].

Transpiration from forest vegetation makes a significant 
contribution to total evaporation. Its maximum value was 4mm/
day over the entire measurement period. Forest floor evaporation 
showed a maximum value of 1mm/day. Transpiration, forest
floor evaporation and intercepted evaporation, measured in 
this experiment, accounted for 65%, 15% and 20% of total 
evaporation respectively. The various measurements are 
presented in Table 2.

According to Granier et al (1990), forest soil evaporation differs 
from one region to another [50]. For example, soil evaporation 
in a Pinus pinaster forest accounts a 28% of total evaporation. 
In general, forest soil evaporation depends on several forest 
characteristics, such as density, soil water balance and vegetation 
type. For example, the evaporation rate is twice as high in a 
humid forest as in a dry forest under the same solar radiation 
conditions [23].

Transpiration is the water vapor released by plants through their 
stomata, forest floor evaporation is the water vapor that evaporates 
from the soil and litter layer, and intercepted evaporation is the 
water that evaporates from the leaves and branches of the trees 
before reaching the ground. These components were measured 
using different methods, such as internal thermal conductivity, 
open mobile chambers, and precipitation gauges [23]. The 
data from Table 2 show that transpiration was the dominant 
component of total evaporation, accounting for 65% of it. Forest 
floor evaporation and intercepted evaporation accounted for 15% 
and 20% of total evaporation, respectively. The components 
values varied with different factors, such as vegetation type, 
soil moisture, temperature, and precipitation. For example, 
transpiration was higher in dense forests than in mature forests, 
forest floor evaporation was higher in dry soils than in wet 
soils, and intercepted evaporation was higher in rainy periods 
than in dry periods. These components affect the water cycle by 
influencing the humidity and temperature of the air.

In forests, total evaporation plays a major role in water balance 
variability. Partial or total modification of the forest modifies 
greatly the soil water balance. This can influence directly 
intercepted evaporation, transpiration and evaporation from the 
forest floor. Douville and Royer (1997) reported a decrease in 
mean total precipitation and mean total evaporation of between 
0.5 and 1 mm/day at mid-latitudes in spring, following the 
deforestation experiment [28]. This reduction was mainly due 
to the decrease in transpiration, which accounted for about 
80% of total evaporation in the control experiment. Intercepted 
evaporation and evaporation from the forest floor also decreased 
slightly after deforestation. The component values varied 
with different factors, such as vegetation type, soil moisture, 
temperature, and precipitation. For example, transpiration 
was higher in dense forests than in grasslands, intercepted 
evaporation was higher in rainy periods than in dry periods, 
and evaporation from the forest floor was higher in wet soils 
than in dry soils. These components affect the water cycle by 
influencing the humidity and temperature of the air,

1.4 Aerosols
Aerosols are fine particles suspended in the air which can have 
a natural or anthropogenic source. The oceans produce large 
quantities of natural aerosols, such as organic sulphates, while 
urban or industrial activities produce anthropogenic aerosols, 
which vary from region to region [51]. The atmospheric 
concentration of aerosols has increased mainly due to human 
activity. Although the global radiative forcing of aerosols in 
the presence of GHGs delays global warming, their effects are 
not well known at the regional scale [52]. Reader and Boer 
(1998) have shown that the general effect of aerosols is to offset 
the global pattern of warming due to GHGs [53]. Carnel and 
Senior (1998) and Penner et al. (1998) reported surface cooling 
after including anthropogenic sulphate in their climate models 
(HADCM from the UK Meteorological Office and GCM from 
the University of Michigan in the USA, respectively [54,55].

1.4.1 Physical Effects
Aerosols can have direct and indirect effects on the radiative 
forcing in the atmosphere [56-58]. The direct effects are related 
to the scattering or absorption of radiation passing through their 
suspended layer

in the atmosphere, which results in either positive or negative 
radiative forcing. The indirect effects are mainly the changes in 
the radiative properties of clouds due to the increase or decrease 
of cloud condensation nuclei.

The direct radiative forcing of aerosols depends on the 
concentration, the complex refractive index and the hygroscopic 
properties of the particles dispersed in the atmosphere [55]. 
These factors influence greatly the atmosphere albedo and clouds 
by reducing the amount of solar radiation that passes through the 
aerosol layer in the atmosphere (Rosenfeld D. et al., 2014).

The IPCC (1996) estimated that anthropogenic sulfate aerosols, 
the dominant aerosols in the atmosphere, exert a negative mean 
global radiative forcing (surface cooling) of -0.4 Wm-2, with a 
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range of -0.2 to -0.8 Wm-2 [19]. The IPCC (2001a) specified 
that the mean global direct radiative forcing is estimated at -0.4 
Wm-2 for sulfate, -0.2 Wm-2 for aerosols from biomass burning, 
-0.1 Wm-2 for organic carbon from fossil fuel, and +0.2 Wm-2 
for black carbon from fossil fuel [3].

The indirect radiative forcing of aerosols is manifested through 
their effects on clouds. The increase in the number of cloud 
condensation nuclei by sulfate particles, for example, could 
reduce the mean size of water droplets during their formation 
(given the constant volume of water assumption in a cloud). 
According to Williams et al. (2001), a cloud containing small 
water droplets is characterized by a high albedo, which can 
reduce the solar radiation reaching the surface (Twomey effect) 
[56]. Thus, the presence of a high amount of sulfate aerosols in a 
cloud could decrease the amount of precipitation. The formation 
of small water droplets makes rainfall less likely, as the drops 
are lighter.
 
1.4.2 Data Analysis
The anthropogenic sulfate aerosol forcing experiment with the 
General Circulation Climate model (GCC), from the Hadley 
Centre in UK, simulated the climate by the effect of pre-
industrial sulfate emissions (control scenario) and by the effect 

of anthropogenic sulfate emissions (1985 emissions added to 
natural emissions). The forcing of anthropogenic aerosols is 
reflected through the radiative impact of the cloud by the effect 
of its albedo (first indirect effect). A second indirect effect 
is considered through the amount of existing precipitation 
affecting the lifetime of the cloud [56]. Three simulations were 
used in this experiment. One simulation included both indirect 
effects (cloud albedo effect and the effect of its lifetime: BOTH), 
another simulation included only the cloud albedo effect (IND1), 
and a third simulation was characterized by the effect of cloud 
lifetime on climate (IND2). These three simulations were 
used in two scenarios (pre-industrial and modern) and for 30 
years. Direct effects of sulfate aerosols were not included in 
this experiment. Therefore, a concentration of 345 ppm was 
imposed, as an effect of the standard CO2 of the year 1980. 
These three simulations were tested a second time but with 
only the atmospheric response (without taking into account the 
surface response) to determine the importance of the sea surface 
temperature (SST) and the response of the sea-ice interaction in 
the model. A-BOTH, A-IND1, and A-IND2 designated BOTH, 
IND1, and IND2 respectively in the three simulations with only 
the inclusion of the atmospheric response. The evolution of the 
mean global surface temperature with the simulation in BOTH 
(Table 3) showed a decrease of 1.37°C.
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Table 1   Conventional values of greenhouse gases in "CO2 equivalent", 
according to the 5th report of the IPCC (2014). 

  GWP, Global Warming Potential (eq CO2) 

  over a period of 20 
years 

over a period of 100 
years 

CO2 (carbon dioxide) 1 1 
CH4 (methane) 84 28 
N2O (nitrous oxide) 264 265 
CF4 (carbon tetrafluoride) 4880 6630 
HFC-152a (1,1-
difluoroethane) 506 138 

 
Table 2: Hydrological measurements results in the Swedish boreal forest at the 
NOPEX site,, according to Grelle et al. (1997). 
 

 Total 
precipitation 
measured 
(mm) 

Cumulative 
precipitation on 
the ground 
(mm) 

Total evaporation 
measured (mm) 

Transpiration 
(mm) 

Forest soil 
evaporation 
(mm) 

16/05 - 31/10 250 176 322 243 56 

16-19/07  23.4 17.6 11.2 5* 2.7* 

 
*: Estimated values from the figures in Grelle et al. (1997). 

 
Table 3:  Results of mean global variation of surface temperature (T), cloud 
forcing (CF) and precipitation (P) by the effect of anthropogenic aerosols, at 
each MGC experiment, according to Williams et al. (2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expérience T (K) CF (Wm-2) P (%) 

BOTH -1.37 -1.69 -0.038 

IND1 -1.17 -1.37 -0.032 

IND2 -0.34 -0.38 -0.010 

A-BOTH -0.07 -1.62  

A-IND1 -0.06 -1.43  

A-IND2 -0.01 -0.29  

Table 3: Results of mean global variation of surface temperature (∆T), cloud forcing (∆CF) and precipitation (∆P) by the 
effect of anthropogenic aerosols, at each MGC experiment, according to Williams et al. (2001).

The absence of surface response in the climate model exhibited a 
decrease in mean global temperature of 0.07°C due to the indirect 
effects of sulfate aerosols. This indicated the presence of a heat 
exchange mechanism between the surface (sea, ocean, ice, etc.) 
and the atmosphere, resulting in a lower surface temperature 
reduction under the effect of aerosol forcing. The indirect effect 
of cloud albedo was more pronounced than the effect of cloud 
lifetime (-1.17°C for IND1 and -0.34°C for IND2: Table 3). 
The global precipitation mean rate decreased by 0.038% in the 
BOTH scenario.

The indirect effects of sulfate aerosols (known as the cloud 
forcing response) show a high response on the radiative forcing 
of the cloud for short wavelengths in mid-latitudes (Figure 5). 
This response is equivalent to a reduction of almost -5 Wm-2, 
mainly due to the increase in the albedo of water droplets. The 
radiative forcing response of the cloud for long wavelengths 
is relatively weak in these regions (about -2 Wm-2: Figure 5). 
Thus, the reduction in the mean zonal surface temperature is 
about -3°C at mid-latitudes with a maximum of -3.5°C at 70°N 
latitude (Figure 5).
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Figure 5: Evolution of the annual zonal mean of the cloud radiative forcing for a) short 
wavelength (SW), long wavelength (LW), net cloud radiative effect and d) surface 
temperature (modern – pre-industrial) of the BOTH experiment (continuous curve), IND1 
and IND2, according to Williams et al. (2001). 
 

 
 
 
 
 
 
 
 

Figure 5: Evolution of the annual zonal mean of the cloud radiative forcing for a) short wavelength (SW), long wavelength 
(LW), net cloud radiative effect and d) surface temperature (modern – pre-industrial) of the BOTH experiment (continuous 
curve), IND1 and IND2, according to Williams et al. (2001).

It is difficult to quantify the direct effect of all aerosols and their 
evolution in time and space. The results of four climate models 
(Table 4) showed an increase of 1.3°C to 1.9°C by the year 2050 
under the effect of GHGs and aerosols. The effect of sulfate 
aerosols in these models reduced global warming. The mean of 

this reduction was -0.5°C for the four models and -0.7°C for the 
CCCma. According to Boer et al. (2000), the sulfate effect was 
more pronounced in continental mid-latitudes, probably due to 
human activity in these regions [39].
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Table 4: Global mean of climate sensitivity and temperature simulation (°C) following climate 
change, according to Boer et al. (2000). 
 
 GHG +aerosols GHG 

 1900 -present Present -2050 2050-2100 1900-present Present-2050 2050-2100 

CCCma 0.6 1.7 2.7 0.8 2.4 3.0 

GPDL 0.7 1.9  1.2 2.1  

MPI 0.5 1.5  0.8 2.1 1.7 

UKMO 0.5 1.3 1.7 0.9 1.7 1.7 

Mean 0.6 1.6  0.9 2.1  

 Table 4: Global mean of climate sensitivity and temperature simulation (°C) following climate change, according to Boer et 
al. (2000).

2. Results and Discussion
Although natural factors can influence climate through solar 
cycles, volcanic eruptions or orbital variations, these parameters 
alone cannot explain the magnitude and speed of the warming 
observed since the last century. Since the pre-industrial period, 
anthropogenic factors have had a significant influence on the 
current climate. According to the Intergovernmental Panel on 
Climate Change (IPCC), it is clear that human activity is the
 
dominant cause of the warming observed since this pre-

industrial period. The IPCC bases its conclusions on scientific 
work and publications that analyze past and present climate data 
as well as future climate scenarios using climate models. One 
of the main evidences of human impact on the climate is the 
increasing concentration of greenhouse gases in the atmosphere, 
such as carbon dioxide (CO2), methane (CH4) or nitrous oxide 
(N2O). These gases capture the solar radiation part reflected by 
the earth's surface, which increases the temperature mean of the 
air and oceans. The concentration of carbon dioxide (CO2) in the 
atmosphere has increased by more than 40% since pre-industrial 
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times and reached a level not seen in at least 800,000 years. 
This increase is mainly due to the fossil fuels use, deforestation 
and land use changes. Further evidence of the impact of human 
activity on climate is the modification of the water cycle 
which will affect the distribution and intensity of precipitation, 
evaporation and runoff. Climate warming can cause increased 
of water evaporation from oceans and continents, which can 
increase the water vapor amount in the atmosphere. Water 
vapor is itself a greenhouse gas, which can in this case reinforce 
the GHG effect. Global warming also modifies the general 
circulation of the atmosphere and oceans. The latter affects its 
regime by affecting parameters such as humidity, pressure thus 
influencing precipitation and extreme atmospheric events, such 
as droughts, floods, storms or cyclones.

Aerosols have direct and indirect effects on radiative forcing 
in the atmosphere. Direct effects are linked to the dispersion 
or absorption of radiation passing through its layer suspended 
in the atmosphere which will result in a radiative forcing 
(positive or negative). The indirect effects are mainly variations 
in the radiative properties of the cloud through the growth or 
decay of condensation nuclei. Finally, deforestation increases 
surface albedo in winter, spring and early summer following the 
accumulation of snow in
 

winter and the delay in its melting in spring. This variability 
could directly influence the physical parameters of the surface 
atmosphere.

To confirm our interpretations, we studied the spatial evolution 
of the mean surface temperature and annual precipitation during 
the pre-industrial period (1948-1976) and the modern period 
(1977-2021), using reanalysis NCEP data from the domain 
centered on the Mediterranean and covering Europe to the north, 
Asia to the east, the Atlantic Ocean to the west and North Africa 
to the south (20 to 55 degrees latitude and -20 to 30 degrees 
longitude). The annual mean processing of these data (TT and 
RR) showed remarkable changes after the pre-industrial period; 
i.e. after the year 1976.

Figure 6 shows a warming in the north of the domain, varying 
gradually with a latitudinal mean ranging from 0.2 °C to 0.7 °C 
from 25 to 35 degrees north latitude and between
0.7 °C to 0.2°C from 35 to 47 degrees north latitude. The 
latitude domain between 20 and 25 degrees north presents a low 
variability between -0.1°C and 0.1 °C. Comparing the spatial 
distribution of the figures 6 (a) and 6 (b), we observe a movement 
of thermal waves from south to north in the domain. The mean 
TT warming is 0.42 °C.
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Figure 6: Évolution spatiale de la température de surface moyenne a) de la période 
préindustrielle (1948-1976), b) de la période moderne (1977-2021), c) de l’anomalie 
(moderne-préindustrielle)  et d) de la moyenne zonale annuelle (moderne – 
préindustriel). 
 

 
 
 
 
 
 
 
 
 
 

Figure 6: Spatial evolution of the surface temperature mean a) from the pre-industrial period (1948-1976), b) from the modern 
period (1977-2021), c) from the anomaly (modern-pre-industrial) and d ) from the zonal annual mean (modern – pre-industrial).

Figure 7 shows a decrease in the annual mean precipitation in 
the domain, varying gradually with a latitudinal mean from 20 
mm to 100 mm from 47 to 55 degrees north latitude, between 5 
mm to 100 mm from 30 to 47 degrees north latitude and between 

5 mm to 55 mm from 20 to 30 degrees north latitude. Comparing 
the spatial distribution of the figures 7 (a) and 7 (b), we observe 
a regional distribution weakening during the modern period, 
which indicates a mean decrease of 35 mm.
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Figure 7: Évolution spatiale de la précipitation moyenne annuelle a) de la période 
préindustrielle (1948-1976), b) de la période moderne (1977-2021), c) de l’anomalie 
(moderne-préindustrielle)  et d) de la moyenne zonale annuelle (moderne – 
préindustriel). 
 

 
 

 

 

Figure 7: Spatial evolution of the annual mean precipitation a) from the pre-industrial period (1948-1976), b) from the modern 
period (1977-2021), c) from the anomaly (modern-pre-industrial) and d ) from the zonal annual mean (modern – pre-industrial).

According to many scientific studies, the anthropogenic forcing 
has strengthened the concurrence of temperature over major 
regions in the world, particularly in the tropics, but has not yet 
significantly affected precipitation during the period 1948 and 
2021. Indeed, global warming has apparent consequences on 
precipitation.
 
1- Conclusion
Greenhouse gases contained in the atmosphere have an important 
role in climate regulation. They prevent a large part of solar 
energy (infrared radiation) from being returned from Earth to 
space. Climate change is a complex context that presents a major 
problem that requires a multidisciplinary approach. In this paper, 
we have analyzed the effects of greenhouse gases (GHGs), 
aerosols and deforestation on the Mediterranean climate 
region during the 21st century, using various data sources. We 
have found that GHGs are the dominant factor in driving the 
warming of the region, while aerosols and deforestation have a 
modulating role, influencing the temperature and precipitation 
atmospheric parameters. We have discussed the uncertainties 
of our study, as well as the implications and challenges for the 
future. We hope that our paper can contribute to the scientific 
understanding of the Mediterranean climate and its changes, as 
well as to the development of effective mitigation and adaptation 
strategies for the region.
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