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atmosphere: layer of gases surrounding a planet and held in 
place by the gravity of that planet 

weather: the temporary (day-to-day) state of the atmosphere 
defined majorly by temperature and precipitation activity  

Weather phenomena mostly occur in the Troposphere 

climate: statistical description of weather (“average weather”) 
over a 30-year interval, defined by the mean and variability of: 

temperature, humidity, atmospheric pressure, wind, precipitation 
A climate system has 5 components: 

 atmosphere, hydrosphere, cryosphere, lithosphere and biosphere  

model: mathematical representation of a physical system which 
aims to explain its behavior

Basic definitions
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What is an atmospheric model?

A model is used to: 

Always characterized by a
mathematical representation

essential tool for atmospheric science

•  make physical sense to experimental data
•  explain physical mechanisms of atmospheric phenomena
•  making predictions about systems for which measurements are 

impracticable (“experimental approach”)

requirement: consistency with all achievable measurements
experimental data as a feedback for models and viceversa



Important scales

 Spatial and Temporal Scales                    Example Process/Model 

– Molecular  (<< 2 mm, >min)                             Diffusion/Diffusion equation  

– Microscale (2 mm - 2 km, hours)                          In cloud processes/thermodynamics  
                                                                                               and microphysics                  

– Mesoscale (2 - 2000 km, hours to days)                         Tornadoes to Thunderstorms/  
                                                                                          weather forecasts 

– Synoptic (500 - 10,000 km, days to weeks)                    Climate System: anticyclones    
                                          cyclones, Fronts / regional to 
                                                                                          hemispheric model 

– Planetary (> 10,000 km, > weeks)                          atmosphere circulation /   
                                                                                         Global circulation model

Atmospheric processes encompass a wide range of scales



The deterministic predictability of the atmosphere is limited by initial 
conditions (Lorentz, 1969)

study of the statistics of the atmosphere

model that predicts the deterministic evolution of the atmosphere: 
“forecast model”

weather prediction (mesoscale)

BUT

beyond the deterministic limit

seasonal weather forecasts climate change forecasts 

(two weeks, mesoscale)

Atmospheric predictability



Climate change

 time evolution of the statistics driven by   
“external forcing”

natural anthropogenic
(biotic processes,  

variations in solar radiation, 
 plate tectonics, volcanics eruptions,  

Earth’s revolution)

(greenhouse gas emissions,  
deforestation) 

change of the statistical distribution of weather patterns  
which lasts for an extended period of time

Synoptic/planetary scale



Physics of climate models
The physics of each atmospheric model starts from primitive equations:

1. Continuity equation: the conservation of (dry and water) mass.
 

     2. Conservation of momentum: hydrodynamical atmospheric flow on 
the Earth surface (Navier–Stokes equations) 

     3. Thermal energy equation: conservation of energy, it relates the  
overall temperature of the system to heat sources and sinks

all partial differential equations



Impossibility to solve the physical equations at any time and spatial point 

Need of numerical simulations

• Simplification: focus on only the relevant processes  
• Parametrization: expressing a process as a parameter, which is function 

of at least two parameters 
• Approximation: either physical and mathematical approximations 

          (finite-difference method, finite-element method, etc)

Solutions of the models are numbers rather than formulas: 
Numerical model

partial derivatives are substituted 
 with finite-difference quotients 

PDE are reduced to 
 a system of algebraic equations



Climate model of 
the South-American monsoon system

“A deforestation-induced tipping point 
for 

the South-American monsoon system”
N. Boers et al., 

 Scientific Reports 7, Article number: 41489 (2017)



Monsoon system
monsoon system: reversal in the low-level wind direction between 

summer (wet) and winter (dry) seasons
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Fig. 1.1 Percent of annual precipitation during the summer peak in the northern hemisphere
(June, July, August) and southern hemisphere summer (December, January, February).
Precipitation data is from the Tropical Rainfall Measurement Mission (TRMM) at 25° resolution.
a Percent of annual precipitation during June, July and August. b Percent of annual precipitation
during December, January and February

Fig. 1.2 World’s population (in millions of inhabitants) as of 2007, and major river systems. Data
source Environmental Systems Research Institute (ESRI)
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• more than 43% of Earth’s population  
(7,5 billion people, 2017)  

lives in 
monsoon regions 

• at the end of 21st century 
it will be 50% 

of a population of 10 billion people

Climate change in these regions
are crucial

for food and health security

L. M. V. de Carvalho, I. F. A. Cavalcanti, 
 “The South American Monsoon System”

DJF

JJA



The South-American monsoon system (SAMS)
thermal gradient 

between ocean and continent

pressure gradient 

low-level moist air inflow 
from the ocean

(South Atlantic convergence zone)

moist winds 
cross the Amazon basin

and are blocked by the Andes
(Bolivian High) 

a Low-Level Jet transports 
moisture to the subtropics
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6.1 Introduction

The dominant climatic feature of tropical South America is the pronounced seasonal
change in precipitation and moisture that accompanies variations in the trade winds,
diabatic heating, surface pressure, thermodynamic instability, cross-equatorial
moisture transport, low-level convergence and upper-level divergence of mass in
the atmosphere (Fig. 6.1). Unlike other monsoon systems that exhibit pronounced
differences in seasonal mean wind direction, easterly winds dominate all year over
northern South America and the tropical Atlantic. For this reason, it was not until
the end of the twentieth century that this climatic feature was finally recognized as a
monsoon. It has since been observed that when the annual mean is removed from
the winter and summer mean circulation, a clear reversal in the low-level circulation
monthly anomalies becomes evident and resembles the seasonal change in the wind

Fig. 6.1 TRMM mean daily precipitation and 850 hPa winds in DJF (a) and JJA (b); TRMM
mean daily precipitation and 200 hPa winds in DJF (c) and JJA (d)

122 L.M.V. de Carvalho and I.F.A. Cavalcanti

L. M. V. de Carvalho, I. F. A. Cavalcanti, 
 “The South American Monsoon System”
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Amazon basin: 
40% (7,500,000 km2) of the South-American continent

Amazon rainforest: 
world largest rainforest (5,500,000 km2) 

Amazon river: 
world largest and longest (6,992 km) river

Current situation in the Amazon basin
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Fires and deforestation in the state of Rondônia
for agriculture land or urban environment 

about 20% of the rainforest surface (before 1970) has been deforested 

Current situation in the Amazon basin

(Butler, Rhett A., Calculating deformation figures for the Amazon) 
impacts in carbon, energy and water fluxes

Amazon basin: 
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Amazon rainforest: 
world largest rainforest (5,500,000 km2) 

Amazon river: 
world largest and longest (6,992 km) river
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Amazon rainforest 
Atlantic moisture

 reservoir  

study of the South America-Atlantic ocean coupling

N. Boers et al., Scientific Reports 7, (2017)
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Modeling deforestation effects on SAMS
how the SAMS will be affected by deforestation?

study of the South America- Atlantic ocean coupling

presence of positive feedback mechanism

ocean-land atmospheric 
heating gradient

condensational latent heat release (LH)

ocean-land atmospheric 
heating gradient evapotranspiration

Amazon rainforest 
 precipitation

Atlantic moisture
 reservoir  

amplification
of moisture transport

external forcing:
deforestation

breakdown 
of the feedback

N. Boers et al., Scientific Reports 7, (2017)



Physics of the SAMS model

    Six observables: 
• atmospheric moisture content, A
• soil moisture content, S
• evapotranspiration, E(S)
• precipitation, P(A)
• river run-off, R(S)
• wind velocity, W 

water cycle
Parametrization
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Physics of the SAMS model

@tA = E� P� ~r · ~M
@tS = P� E� R

    Six observables: 
• atmospheric moisture content, A
• soil moisture content, S
• evapotranspiration, E(S)
• precipitation, P(A)
• river run-off, R(S)
• wind velocity, W 

water cycle
Parametrization

coupled non-linear partial differential equations:

~M = A ~Wwhere  and  ~W = ~W
trade

+ ~W
H

moisture flow
due to trade wind (constant)

due to heating gradient
(dynamic)

water 
conservation

}

(A, E)



www.nature.com/scientificreports/

3Scientific RepoRts | 7:41489 | DOI: 10.1038/srep41489

Consequences of deforestation. We investigate the impacts of deforestation on P downstream of the 
low-level flow for a range of scenarios, corresponding to the range of possible amplification factors (AF) of the 
moisture inflow between 2 and 313,15. Each of these scenarios is in agreement with current observations, but they 
lead to substantially different results after deforestation.

Deforestation in each box of the trajectory is simulated by reducing the total surface heat flux and changing 
its decomposition into sensible and latent forms: Replacing rainforest by cropland or pasture leads to increased 
albedo and correspondingly to a reduction of surface net radiation. This results in a decrease of latent heat flux λ E 
together with an increase in sensible heat flux SHF, such that their sum balances the total change in the surface 
radiation budget24,25,28. Specifically, due to deforestation, E reduces from 0.16 mm/h by at least 20% to 0.13 mm/h, 
while SHF increases by more than 40% (note that in absolute terms, latent heat flux is more than three times 
higher than sensible heat flux). The precise values of these relative changes are taken from measured differences 
over southwestern Amazonia28, and are consistent with other modelling studies6,9,29. Since deforestation of the 
Amazon rainforest has been and is projected to remain more intense in the eastern than in the western part of the 
basin30, we always start deforesting in the first, easternmost box of the trajectory, and successively deforest further 
boxes downstream.

In a first step, we perform single model integrations for deforestation scenarios ranging from zero to hun-
dred deforested boxes (Fig. 3). Deforestation causes a decline of the wind speeds (Fig. 3A), which finally leads 
to a reduction of P to less than 60% at the end of the trajectory for AF ≥  2.5 (Fig. 3B). The onset and slope of the 
decline depend on the precise value of E after deforestation, as well as on the strength of the aforementioned pos-
itive feedback, which is expressed in terms of the average total heating over the tropical Atlantic ocean (〈 H〉 AO) 
and the amplification factor AF (Fig. S6). The rapid decline of P is due to the breakdown of the feedback, when the 
deforestation-induced reduction of water vapour causes the total atmospheric heating over the Amazon to drop 
below 〈 H〉 AO. Final values of P (i.e., after the breakdown of the feedback) are relatively similar for different values 
of E, AF, and 〈 H〉 AO (Fig. S6).

Figure 1. Topography of South America, as well as mean 750 hPa Wind fields for the monsoon season 
(December–February), as obtained from the ERA Interim reanalysis dataset. The Amazon basin is outlined 
as the blue area. The trajectory along which we integrate our model is indicated by a white contour line, staring 
at box #1 to the east, and ending at box #100 to the west. The simplification of considering only this one 
trajectory, which makes our model one-dimensional, can be justified by the fact that the flow is approximately 
laminar over the Amazon Basin. The source area of the atmospheric moisture inflow over the tropical Atlantic 
ocean is indicated by a white box. The gradient of atmospheric heating between ocean and land,  
π =  〈 H〉 Trajectory −  〈 H〉 AO, is quantified by averaging over these two spatial regions (see methods section). The map 
was created using matplotlib’s basemap toolkit37 (http://matplotlib.org/basemap/).

Discretization
Physics of the SAMS model

laminar atmospheric flow:
one-dimensional model

 trajectory made of 100 boxes
conservative regime (wet season)
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thus provides a conceptual basis for further, GCM-based investigations which should specifically focus on the 
atmospheric mechanisms and critical parameter ranges revealed here.

Methods
We evaluate the coupled system of equations (1) and (2) along a sequence of 100 boxes = …i( 1, , 100), each of 
length l =  30 km, following the trajectory indicated by white contours in Fig. 1 from east to west. The specific 
equations used for the simulation are

+ = + − −
− − −A t A t E t P t W t A t W t A t

l
( 1) ( ) ( ) ( ) ( ) ( ) ( ) ( )

(3)i i i i
i i i i1 1

+ = + − −S t S t P t E t R t( 1) ( ) ( ) ( ) ( ), (4)i i i i i

which are integrated in time steps of 1 hour, for a total of 10,000 hours (see Fig. S7) for fixed numbers of deforested 
boxes. The observables A and S are given in units of mm of liquid water equivalent, E, P, and R in units of mm/h, 
and W is given in km/h. Since the integration time step is 1 h, we do not make it explicit in the above discrete 
equations. Initial conditions and functional dependencies are derived from the ERA Interim reanalysis26, con-
fined to the monsoon season (December–February) and the sequence of boxes indicated in Fig. S1. Based on the 
functional relationships observed in this dataset, P is effectively modelled as a linear function of A (Fig. S1), while 
E is modelled logistically as a saturation function of S (Fig. S2). The values employed here are the monthly means 
of daily fields, with P, E, and R rescaled to average hourly rates. We hereby neglect diurnal variations of these 
variables, because we are merely interested in the average system behaviour on climatological time scales. Several 
other variables are important for the development of E, such as net surface solar radiation, relative humidity, and 
surface winds. In particular, the apparent decrease of E for high values of S is due to a shift towards lower values 
of solar radiation for days with high values of S. In addition, R is approximated as an exponential function of S 
(Fig. S3).

The Moisture divergence M in equation (1) above is defined as the vertical integral of the products of mois-
ture content A and wind speed W. Since most of the moisture is in fact concentrated at the lowest atmospheric 
layers (Fig. S8), we simplify this relationship by only taking into account wind speeds at 750 hPa and transporting 
the total atmospheric moisture A on this single layer. This simplification can be further justified by the fact that 
750 hPa wind speeds along the trajectory are very similar to the mean wind speeds averaged from the 700 hPa to 
the 900 hPa layer (Fig. S9), where the highest wind speeds are found in the ERA Interim data (Fig. S10). Changes 
in the vertical wind profile due to deforestation are neglected in this setting.

Wind speeds W are comprised of a prescribed, constant trade wind component Wtrade and a dynamical com-
ponent WH corresponding to the acceleration due to the atmospheric heating gradient between ocean and land. 
The first component (Wtrade) is modelled as a shifted sigmoid function of the box number i in order to take into 
account the blocking effect of the Andes mountain range at the western boundary of the Amazon basin:
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Based on the assumption that the gradient in atmospheric heating will mainly enhance the flow in the eastern 
parts of the basin, the dynamical component WH is modelled as
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where π(t) denotes the difference between total atmospheric heating (H =  Hsensible +  Hlatent +  Hradiative) averaged 
over the trajectory across the Amazon basin, and over the spatial box over the tropical Atlantic ocean (both 
shown in Fig. 1), respectively: π =  〈 H〉 Trajectory −  〈 H〉 AO, where 〈 ·〉 R indicates the spatial average over a region R  
(see Fig. S11 for a spatial plot of total atmospheric heating as derived from ERA Interim). The average heating 
over the spatial box named Tropical Atlantic Ocean is 〈 H〉 AO =  97 W/m2, and we present our simulation results for 
〈 H〉 AO =  90 W/m2, 〈 H〉 AO =  95 W/m2, and 〈 H〉 AO =  100 W/m2 in order to account for the uncertainties involved in 
the data themselves, as well in choosing this spatial box (see Fig. S7). If π becomes negative, we put =W 0i

H , 
indicating a breakdown of the feedback.

The dimensionality factor L as well as the parameters w0, w1, w2 are adjusted such that the modelled wind 
speeds approximately meet the observed ones (Fig. 2). For our simulation, we choose w0 =  13.5, w1 =  0.06, 
w2 =  3.4, and L =  1/π(0), which corresponds to the heating gradient for the undisturbed case of no deforestation. 
Our results are insensitive to varying L, w0, w1, and w2 within ranges that still assure the resulting total wind speed 
to be equal to the observed ones. In contrast, the consequences of deforestation are highly sensitive to variations 
of wc between 0 and w0, although before deforestation the same total wind speed W is obtained in all cases. 
Physically, varying wc corresponds to controlling the strength of the heating-related feedback and its contribution 
to wind speeds along the trajectory, while keeping the total wind speeds constant: For wc =  0, there would be 
no contribution from the heating gradient (AF =  0), whereas for wc =  w0, the entire inflow would be due to LH 
release. For wc =  6.75, we obtain an amplification of the inflow to South America by a factor of AF =  2, whereas for 
wc =  9.00, the inflow is enhanced by a factor of AF =  3 (see also Fig. 3A). Choices of wc within this range meet the 
conditions found for this geographical region using a primitive equation model13,15.

By adding independent white noise increments of standard deviation σ =  0.1 to each Ai(t +  1) in equation (3), 
we are able to show that our results are stable against small levels of noise (Fig. S12).
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thus provides a conceptual basis for further, GCM-based investigations which should specifically focus on the 
atmospheric mechanisms and critical parameter ranges revealed here.

Methods
We evaluate the coupled system of equations (1) and (2) along a sequence of 100 boxes = …i( 1, , 100), each of 
length l =  30 km, following the trajectory indicated by white contours in Fig. 1 from east to west. The specific 
equations used for the simulation are
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which are integrated in time steps of 1 hour, for a total of 10,000 hours (see Fig. S7) for fixed numbers of deforested 
boxes. The observables A and S are given in units of mm of liquid water equivalent, E, P, and R in units of mm/h, 
and W is given in km/h. Since the integration time step is 1 h, we do not make it explicit in the above discrete 
equations. Initial conditions and functional dependencies are derived from the ERA Interim reanalysis26, con-
fined to the monsoon season (December–February) and the sequence of boxes indicated in Fig. S1. Based on the 
functional relationships observed in this dataset, P is effectively modelled as a linear function of A (Fig. S1), while 
E is modelled logistically as a saturation function of S (Fig. S2). The values employed here are the monthly means 
of daily fields, with P, E, and R rescaled to average hourly rates. We hereby neglect diurnal variations of these 
variables, because we are merely interested in the average system behaviour on climatological time scales. Several 
other variables are important for the development of E, such as net surface solar radiation, relative humidity, and 
surface winds. In particular, the apparent decrease of E for high values of S is due to a shift towards lower values 
of solar radiation for days with high values of S. In addition, R is approximated as an exponential function of S 
(Fig. S3).
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indicating a breakdown of the feedback.

The dimensionality factor L as well as the parameters w0, w1, w2 are adjusted such that the modelled wind 
speeds approximately meet the observed ones (Fig. 2). For our simulation, we choose w0 =  13.5, w1 =  0.06, 
w2 =  3.4, and L =  1/π(0), which corresponds to the heating gradient for the undisturbed case of no deforestation. 
Our results are insensitive to varying L, w0, w1, and w2 within ranges that still assure the resulting total wind speed 
to be equal to the observed ones. In contrast, the consequences of deforestation are highly sensitive to variations 
of wc between 0 and w0, although before deforestation the same total wind speed W is obtained in all cases. 
Physically, varying wc corresponds to controlling the strength of the heating-related feedback and its contribution 
to wind speeds along the trajectory, while keeping the total wind speeds constant: For wc =  0, there would be 
no contribution from the heating gradient (AF =  0), whereas for wc =  w0, the entire inflow would be due to LH 
release. For wc =  6.75, we obtain an amplification of the inflow to South America by a factor of AF =  2, whereas for 
wc =  9.00, the inflow is enhanced by a factor of AF =  3 (see also Fig. 3A). Choices of wc within this range meet the 
conditions found for this geographical region using a primitive equation model13,15.

By adding independent white noise increments of standard deviation σ =  0.1 to each Ai(t +  1) in equation (3), 
we are able to show that our results are stable against small levels of noise (Fig. S12).
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Results of the model
Amplification Factor (AF): amplification of moisture inflow due to LH release



• strong dependence of P
on AF, E and 
Atlantic heating 

   
• for some values of AF,

existence of a threshold 
    for deforestation beyond 
    which P
    rapidly decreases 
    to less than 60% of P 
    before deforestation 

• Presence of a 
    hysteresis in the 
    deforestation-
    reforestation cycle

Observations:A

FE

DC

B

E ≤ 0.13mm/h 
H   = 90W/mAO 2

E ≤ 0.12mm/h 
H   = 90W/mAO 2

E ≤ 0.13mm/h 
H   = 95W/mAO 2

E ≤ 0.12mm/h 
H   = 95W/mAO 2

E ≤ 0.13mm/h 
H   = 100W/mAO 2

E ≤ 0.12mm/h 
H   = 100W/mAO 2

Figure S6: Same as Fig. 3B in the main text for E  0.13 mm/h (left column) and E  0.12 mm/h (right column), and different
choices of total heating over the tropical Atlantic ocean, as used to compute the heating gradient p = hHiTra jectory �hHiAO

between ocean and land: hHiAO = 90W/m2 (top row), hHiAO = 95W/m2 (middle row), hHiAO = 100W/m2 (bottom row).
Note that the transition in the precipitation regime occurs earlier and more pronounced for stronger impacts of deforestation on
evaporation (E  0.12 mm/h), but also for higher values of atmospheric heating over the tropical Atlantic ocean hHiAO, which
correspond to smaller heating gradients p . In (A), e.g., a small increase of P around 90 deforested boxes can be observed,
which is due to the increase of sensible heat flux caused by deforestation (see also Fig. S7).
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by successively reforesting from west to east (dashed lines in Fig. 3C,D). For moderate amplification factors 
(AF =  2.75), we observe that in this reforestation process, the system first closely follows the curve obtained for 
deforestation, but then exhibits hysteresis when further boxes upstream are reforested, which implies a consider-
able delay until the system would recur to its original state. The reason for this behaviour is that the system devel-
ops linearly and is thus time-reversible for large numbers of deforested boxes, but develops nonlinearly for less 
deforested boxes, since the positive feedback is switched on and begins to develop to its original strength in this 
second regime. Only for the strongest amplification factor consistent with primitive equation models15 (AF =  3), 
the process would not be reversible anymore, indicating that even after a complete reforestation, the system could 
not switch on the positive feedback again. Given that the Amazon rainforest did develop at some point in the past, 
this suggests that AF =  3 might be considered as being too high.

Next, we investigate the stability of these solutions by varying the initial atmospheric moisture A(0) and 
determining the solutions the system will evolve to during the simulation, again for fixed numbers of deforested 
boxes in each simulation (Fig. 4). There only exists one stable solution for AF ≤  2.25, but for larger amplification 
factors, there appears a region of bi-stability around 40 deforested boxes: For AF =  2.50, we observe a stable 
solution at high values of A between 0 and 50 deforested boxes, and another stable solution with lower values 

Figure 3. Consequences of deforestation on the low-level circulation and precipitation. (A) Impact of 
different choices of wc, corresponding to different amplification factors AF as indicated in the legend, on 
the 750 hPa wind speeds along the trajectory shown in Fig. 1. The dashed line shows the total wind speed 
W =  Wtrade +  WH, which is equal for all choices of wc, while the solid lines show only the first component Wtrade 
(see methods section for details). (B) Dependance of precipitation P in box 95 (located in the western Amazon) 
on the number of deforested boxes (E ≤  0.13 mm/h) for different amplification factors as indicated in the legend. 
(C) Reversibility of the deforestation process for AF =  2.75. We present the results for different strengths of 
deforestation (E ≤  0.13 mm/h to E ≤  0.11 mm/h) to show that they are relatively stable against small variations 
of the upper bound on E. The solid (dashed) lines indicate the deforestation (reforestation) process and should 
be read from left (right) to right (left). Deforestation is initiated at 5000 h (left vertical line) and completed at 
15000 h (right vertical line) in the deforestation simulation, while reforestation is initiated at the right vertical 
line and completed at the left vertical line. Note that the process is reversible with significant temporal delay 
due to hysteresis. The development for no deforestation (E ≤  0.16 mm/h) is shown for comparison. (D) Same 
as (C), but for AF =  3.00. Note that for this strength of the positive feedback induced by the heating gradient 
between ocean and land, the process would not be revertible anymore. For (C,D) only, the model is integrated 
for 20,000 h, in order to allow the system to adapt to changing numbers of deforested boxes in single simulation 
runs. Note that the label “box number” in A indicates the position along the box trajectory, while the label 
“Number of deforested boxes” in the remaining panels indicates how many boxes are deforested, starting from 
the easternmost box (#1).
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• Atmospheric models are crucial for climate change predictions, they can work as 
“numerical experiments”

• A state-of-art atmospheric model of the effect of Amazon deforestation on SAMS 
is presented. 
The existence of a deforestation-induced tipping point for the SAMS is indicated.

• Crossing a threshold level of deforestation, precipitation reductions up to 40% in 
non-deforested parts are predicted.

• The responsible physical mechanism is identified in the breakdown of a positive 
feedback (i.e. latent heat release) to maintain sufficient level of moisture inflow 
from ocean to land.

• Despite the precise values at which these transitions occur are model-
dependent, this study provides a conceptual basis for further investigations.

Conclusions



Thanks for the attention!
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