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illustrated in Figure 1, which was published by Goessling and Reick (2011). Meteorologist Helge 
Goessling and Vegetation modeller Christian Reick, from the German Alfred Wegener Institute for Polar 
and Marine Research and the Max Planck Institute for Meteorology, respectively, are responsible for 
development of global climate models with state of the art mathematical representations of the 
interactions between vegetation and the atmosphere. In their 2011 manuscript, they explain that to 
analyze and understand how evapotranspiration influences precipitation, it is necessary to consider 
mechanisms I, II and III together, and to recognize that they operate at different spatial scales. 
Mechanism II, local coupling, can also result in an intensification of precipitation over deforested areas 
located downwind from forested areas, because the more intense surface heating over those cleared 
areas (without the cooling effect of transpiration) can promote convection of the moist air that arrives 
from the nearby forest. This phenomenon has been observed in the Amazon region and can be 
erroneously interpreted as if the further clearing of forest would further increase rainfall. It would not, 
because it is the remaining forest which, through mechanisms I and III, provides the moist air. 

 

Figure 1. Schematic of three mechanisms via which evaporation affects precipitation. The effect of 
each mechanism is shown isolated from the others. The arrows pointing to the right 
indicate the wind direction. The color gradients indicate the regions where precipitation 
responds (either positively or negatively). U= upwind region, L = local region, D= 
downwind region, 'E = imposed evaporation anomaly. (I) Moisture recycling: The 
precipitation response, caused by changes to the atmospheric moisture budget, grows 
gradually over the region of the imposed evaporation anomaly, then decays (slowly) over 
the downwind region. (II) Local coupling: The precipitation response, caused by changes 
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to the surface or shallow (mechanism V). The effect on the availability of local water will depend on the 
balance these two opposing tendencies. And this balance depends on the specific local factors of 
climate, soil, topography and specific location of the reforested area. 
 
In some places where water resources are limited, reforestation in riparian areas compared to 
reforestation in places further upslope and further away from the rivers, resulting in greater losses by 
evapotranspiration due to higher average soil moisture and shallower groundwater tables. Forest 
plantations along the edge of agricultural fields can sometimes use groundwater resources that are in 
excess and are not accessible to the shallow roots of crops, and can capture runoff of these plantations 
and lead to infiltration of this flow, reducing the risk of local flooding and over-saturation of the soil in 
the wet season. The perimeter ratio of the area of reforested area and its alignment relative to the slope 
elevation contours are also factors that affect groundwater consumption. In areas influenced by winds 
with certain orientation, the forested edges are capable of capturing rain falling diagonally and thus 
increase the rain catchment within the property. 
 
In many cases, afforestation leads to a reduction of base flow. In areas that were originally forested, the 
base flow may therefore turn out to be closer to the original historic flows. In areas served by dams, the 
effects of reforestation of degraded areas on local water resources should be very small or negligible 
because of the possibility of using dam releases to enhance base flows. 

Through mechanisms I, II, and III, the forests bring and maintain moisture over vast regions of South 
America (section 2), and their dominant effects on surface and subsurface runoff are overwhelmingly 
positive. This is a principal finding of our literature research. Through mechanism IV, localized effects of 
afforestation will in most cases lower surface and subsurface runoff (section 3), although management 
strategies are available to minimize local effects (section 3.2). Through mechanism V, localized effects of 
afforestation may enhance sub-surface flow through the improvement of soil infiltrability and drainage, 
although many years, up to a few decades, may be required to achieve significant soil changes. This is 
especially likely to occur in previously degraded areas. 
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Figure 13.  Geography of the regions where the dependence of precipitation P on distance x from the 
ocean was studied. Arrows start at x=0 and end at x=xmax. This figure is reproduced from Makarieva et al. 
(2009). 40 
Figure 14.  Dependence of annual precipitation P (mm year-1) on distance x (km) from the ocean over 
non-forested territories (open symbols) and forest-covered territories (closed symbols). Regions are 
numbered as in Figure 13. This figure is reproduced from Makarieva et al. (2009). ................................. 41 
Figure 15. Pathways of atmospheric rivers at different times of year superimposed on the land cover 
map of South America of Eva et al. (2004). This figure is adapted from Poveda et al. (2014) figures 10-13.
 42 
Figure 16. Precipitation rates (y axis) plotted against distance (x axis) for each atmospheric river 
pathway shown in the previous figure. The colors at the bottom of each panel show the corresponding 
land cover (see the legend of the previous figure). The TRMM satellite precipitation dataset is used. This 
figure is reproduced from Poveda et al. (2014). ......................................................................................... 43 
Figure 17. (a) Dependence of annual NPP [net primary production] on the dry season (July-August-
September) NPP. (b) Dependence of dry season NPP on soil water in the top five soil layers (summed up 
to ~30 cm). NPP and soil moisture are both averaged over the region (60-70°W, 0-10°S). ...................... 46 
Figure 18. Fraction of precipitation variance with time scale longer than (top) 5 years and (bottom) 10 
years, based on CRU precipitation data [Climatic Research Unit of the U. East Anglia, UK] over land 
during the period 1901-2006. This figure and caption are reproduced from Wang et al. (2011). ............. 47 
Figure 19. Fraction of precipitation variance with time scale longer than (top) 5 years and (bottom) 10 
years simulated by CAM3-CLM3-DGVM (left) with static vegetation and (middle) with dynamic 
vegetation during 1901-2008, and (right) the difference between the two. This figure and caption are 
reproduced from Wang et al. (2011). ......................................................................................................... 48 
Figure 20. Summary of results in LBA catchments in terms of the hydrological response. This figure 
and caption are reproduced from Tomasella et al. (2009). ........................................................................ 54 
Figure 21. Percentage of base flow as a function of the drainage area in LBA catchments. This figure 
and caption are reproduced from Tomasella et al. (2009). ........................................................................ 54 
Figure 22. The Ji-Paraná study by Rodriguez et al. (2010) considered nested sub-basins, ranging in size 
from 4,340 km2 (SB1) to 33,012 km2 (SB7). The largest sub-basin (SB7) had the largest degree of 
deforestation, and the smallest sub-basin (SB1) had the smallest degree of deforestation (in 
percentage). Trends were detected in the streamflows of small sub-basins, but not larger ones, including 
increased peak discharges and decreased low flows. There was also a shortening of storm runoff lag 
times. These figure panels are reproduced from figure panels in Rodriguez et al. (2010). ....................... 55 
Figure 23. In the Rancho Grande paired watersheds study by Germer et al. (2010), the hydrologic 
response of two small basins, approximately 400 m apart, is compared for a rainfall event on March 5-6, 
2005. Discharge is plotted on a logarithmic scale. These figure panels are reproduced from figure panels 
in Germer et al. (2010). ............................................................................................................................... 56 
Figure 24. Location of the Paraná watershed (top panels) and representation of land cover (dataset 
from Eva et al., 2002) in the hydrologic model simulations by Bayer (2014). These figure panels are 
reproduced from Bayer (2014). .................................................................................................................. 58 
Figure 25. Naturalized daily stream flow rates (y axis) over time in the Paraná River basin at Itaipu. 
Period averages are shown in red for 1931-1970 and in blue for 1971-2010. There is an apparent step-
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Figure 2.  Schematic representation of moisture source and continental receptor regions for the 
period 1980-2000 for two seasons: June-August and December-February. The sources of 
moisture are named on the top panel. These moisture sources were defined on the basis 
of having annual vertically integrated moisture fluxes (calculated for 1958-2001 using data 
from ERA 40) above the threshold of 750 mm yr-1 (except for the Mediterranean Sea and 
the Red Sea which were defined using their physical boundaries). Over continents, only 
areas of markedly positive runoff (precipitation minus evapotranspiration), larger than 
0.05 mm d-1 are colored. The colors used are those of the corresponding oceanic source 
region. Overlapping continental regions are plotted with the appropriate sharing mask. 
The calculations underlying this figure were obtained using forward tracking from the 
moisture sources defined. This figure and caption are adapted from Gimeno et al. (2012, 
their Fig. 11, right-side panels). 
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Figure 3.  Conceptual representation of South America’s atmospheric rivers, moist air currents that 
are brought in by the westerly winds strengthened by forest evapotranspiration (e.g, 
Kleidon and Heimann, 2000), are deflected by the Andes range, and represent important 
moisture sources for vast regions throughout the continent, including the La Plata River 
basin (Byerle and Peagle, 2002). Moisture lost to precipitation over the rainforest returns 
in large part to the atmosphere through the forest’s high evapotranspiration rates, in a 
repeating cycle (“precipitation recycling”) responsible for maintaining high moisture in 
the atmospheric river as it travels through and out of the Amazon rainforest. Some of the 
moisture not returned to the atmosphere contributes to replenish the aquifer systems, of 
which two major ones are represented. The underlying image is from Google Earth. This 
figure was drawn by NHC and is inspired by a figure in Guimarães and Ramos (2014). 
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Figure 4.  Pathways of aerial rivers in South America east of the Andes along the seasonal cycle of 

rainfall (mm month-1) for November through March [the wet season], April to June, July 
to August, and September to October, averaged between 1979 and 2012. Data source: 
TRMM. This figure and caption are reproduced from Poveda et al. (2014). 
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Figure 5.  Climatic gradient across the Amazon basin. Main figure, the hydrologic Amazon basin is 
demarcated by a thick blue line; isopleths of mean daily precipitation during the three 
driest months of the year (in mm; white lines) (Nepstad et al., 2004) are overlain onto 
four land-cover classes (key at bottom left) (Eva et al., 2004; Sano et al., 2007). These 
isopleths are presented only for areas within Brazil, because of lack of adequate data 
elsewhere. The arrow emphasizes the trend from continuously wet conditions in the 
northwest to long and pronounced dry seasons in the southeast, which includes Cerrado 
(savannah/woodland) vegetation. National boundaries are demarcated by broken black 
lines. Inset, map showing area of main figure (boxed). This figure and caption are 
reproduced from Davidson et al. (2012). 

2.1.2 Evapotranspiration observations from the Large-Scale Biosphere-Atmosphere 
Experiment in Amazônia (LBA) project 

A different class of observational studies, however, seemed indirectly more favorable to the global 
climate model results. These were the observations of evapotranspiration rates, which consistently 
report higher values over forest stands compared to shorter vegetation types, the difference being 
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semideciduous forest. Here, evapotranspiration values are lower year round, and consistently lower in 
the dry season than the wet season. The Cerrado is characterized by marked seasonal variability in leaf 
area index and green biomass, associated with a dry season photosynthesis decline, senescence of tree 
leaves, and grass dormancy (Saleska et al., 2009; Lloyd et al., 2009). 

In the floodplain Cerrado, however, where water availability is higher, evapotranspiration rates are also 
higher and inter-seasonal differences are smaller. This is seen at the Tocantins site in Table 2, where 
mean evapotranspiration rates are high year round: 3.8 and 3.3 mm d-1 in the wet and dry seasons, 
respectively. 

Table 2.  Measured mean evaporation rates from the LBA project. Table reproduced (redrawn) 
from Rocha et al. (2009). The references cited in the table’s footnotes are listed in Rocha 
et al. (2009). 

Ecosystem Sitea 
Measured Mean Evaporation, mm d-1 

Wet Season Dry Season 

Tropical forest Manaus K34 2.8 (Nov-Jul) 3.4 (Aug-Oct) 

 Santarém K67 2.9 (Dec-Jul) 3.3 (Aug-Nov) 

 Santarém K83 3.6 (Dec-Jul) 3.9 (Aug-Nov) 

Tropical semideciduous  

forest 

Rondônia JRU 2.8 (Oct-May) 2.6 (Jun-Sep) 

Mato Grosso SIN(5) 3.4 (Jan-May) 3.0 (transition Sep-Oct) 

   2.4 (Jul-Oct) 

Floodplain (Cerrado) Tocantins JAV 3.8 (Oct-May) 3.3 (Jun-Sep) 

Cerrado s.s São Paulo PEG 3.0 (Sep-Apr) 1.3 (May-Aug) 

 Brasília(6) 3.6 (Jan) 1.7 (Jul-Sep) 

Pastureland Santarém(1) 2.2 (Apr-Jun) 1.9 (Aug-Oct) 

 Rondônia(2) 2.9 (Jan-Mar) 2.2 (Jul-Sep) 

 Manaus(3) -  2.5 (Oct) 

 Manaus(4) -  3.2 (Jul-Sep) 

Rice crop Santarém(1) 2.7 (Mar-Jun) -  

Bare soil Santarém(1) -  1.2 (Nov-Dec) 

aReports referenced are noted in parentheses: 1, O5A5,.*$.51. [2004]; 2, =&2.:526&;.*$.51" [2004]; 

3, >+,3)$.*$.51" [1992]; 4, 65.:&-)5.*$.51" [1996]; 5, 9&/+1,$,'.*$.51" [2002]; and 6, I,+5265.*$.51" [1996]. 
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Figure 8. Effects of deforestation on rainfall in the tropics. a, Much of the rainfall over tropical 
forests comes from water vapor that is carried by the atmosphere from elsewhere. But a 
large component is ‘recycled’ rain – water that is pumped by trees from soil into the 
atmosphere through a process called evapotranspiration. Water exits from forests either 
as runoff into streams and rivers, or as evapotranspirated vapor that is carried away by 
the atmosphere. The atmospheric transport of water vapor into the forest is balanced by 
the exit of water in the form of vapor and runoff. b, Spracklen and colleagues’ analysis 
(Spracklen et al., 2012) suggests that deforestation reduces evapotranspiration and so 
inhibits water recycling. This decreases the amount of moisture carried away by the 
atmosphere, reducing rainfall in regions to which the moisture is transported. Decreasing 
evapotranspiration may also increase localized runoff and raise river levels. This figure 
and caption are reproduced from Aragão (2012). 
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Small-scale land cover changes may alter precipitation locally through changes in the thermodynamic 
profile and the development of surface-induced mesoscale circulations (Garcia-Carreras et al., 2011; 
Wang et al., 2000). The changes in the albedo associated with different land covers are also important, 
as shown in theoretical and modeling studies (Dirmeyer and Shukla, 1994; Zeng and Neelin, 1999; Berbet 
and Costa, 2003). Afforestation is associated with lower albedo (D), increased atmospheric turbulence 
(higher z0), increased leaf area index (LAI), and increased root depth (zR). The increases in z0, LAI, and zR 
all contribute to an increase in latent heat flux, atmospheric instability, cloudiness, and precipitation. 
The lowered albedo, together with cloud-radiative feedbacks, result in less of the incoming radiation is 
reflected and more is absorbed. This leads to higher surface latent and sensible heat fluxes and warms 
the atmospheric column, which results in increased convection, cloudiness and precipitation. The cloud-
radiative feedback is an important factor, as it modulates the amount of incident solar radiation at the 
surface (Berbet and Costa, 2003). 

Measurements of these variables for different land covers were obtained during the mesoscale 
atmospheric campaigns of the Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA) 
Program, a component of the TRMM satellite validation campaigns. For example, results of the January-
February 1999 campaign in Rondônia, reported in Silva Dias et al. (2002; tables 1 and 2 therein) 
document the larger net radiation for the forest sites compared to pasture. The lower incoming solar 
radiation and higher incoming long wave radiation reaching the forest were indicative of a more cloudy 
atmosphere. Higher air moisture and air temperature were also found over forest cover. The 
evapotranspiration of the forest was about 0.6 mm day-1 larger than that of the pasture. These 
measurements were taken in wet season months (January and February). The corresponding dry season 
difference in evapotranspiration rates between land covers can be expected to be higher. 

There may also be a role played by condensation nuclei by substances emitted by vegetation species as 
well as pyrogenic emissions, although these processes are not sufficiently understood (Andreae et al., 
2004; Koren et al., 2012). According to Pöschl et al. (2010) (see Figure 10), biogenic volatile organic 
compounds (BVOCs; such as isoprene, terpenes, etc), when in presence of high atmospheric humidity 
and solar radiation, oxidize and precipitate into an extremely fine suspended dust that is hydroscopic 
(i.e., attracted to water molecules). This biogenic dust offers extremely efficient condensation nuclei for 
cloud formation. Before these BVOCs have a chance to precipitate, they are present as gases, which are 
not removed from the atmosphere by rainfall. Thus, the atmosphere above the rainforest always 
contains BVOCs for forming new condensation nuclei. 
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Figure 10.  Aerosol and water cycling over the pristine rainforest. SOA [secondary organic aerosols] 
formed by photo-oxidation of volatile organic compounds (VOC) and PBA [primary 
biological aerosols] emitted from biota in the rainforest (plants and microorganisms) 
serve as biogenic nuclei for CCN [cloud condensation nuclei] and IN [ice nuclei], which 
induce warm or cold rain formation, precipitation, and wet deposition of gases and 
particles. This figure and caption are reproduced from Pöschl et al. (2010). 
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Figure 11.  This figure illustrates the effect of deep rooted vegetation (increased rooting depth) on 
the atmosphere. Deep roots provide an increased soil water storage capacity which 
increases the access to water stored in the soil for dry periods. Consequently, 
transpiration is generally enhanced during the dry season leading to local cooling and 
moister air. This way, more moisture (and energy) is transported to the inner tropical 
convergence zone resulting in enhanced precipitation on the other hemisphere and a 
generally strengthened circulation. The shaded areas denote water. This figure and 
caption are reproduced from Kleidon and Heimann (2000). 
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Figure 12.  Seasonal cycle of average 925 hPa horizontal wind velocity (m s-1) over South America 

during 1979-2012. Notice the recurvature of the CHOCO low-level jet toward the east 
after crossing the Equator, and the recurvature of the Caribbean low-level jet (CLLJ) 
toward the southeast after crossing the Panama isthmus, both converging on the world-
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Figure 14.  Dependence of annual precipitation P (mm year-1) on distance x (km) from the ocean over 
non-forested territories (open symbols) and forest-covered territories (closed symbols). 
Regions are numbered as in Figure 13. This figure is reproduced from Makarieva et al. 
(2009). 
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Figure 15. Pathways of atmospheric rivers at different times of year superimposed on the land cover 
map of South America of Eva et al. (2004). This figure is adapted from Poveda et al. (2014) 
figures 10-13. 
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Figure 16. Precipitation rates (y axis) plotted against distance (x axis) for each atmospheric river 
pathway shown in the previous figure. The colors at the bottom of each panel show the 
corresponding land cover (see the legend of the previous figure). The TRMM satellite 
precipitation dataset is used. This figure is reproduced from Poveda et al. (2014). 
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Figure 18. Fraction of precipitation variance with time scale longer than (top) 5 years and (bottom) 
10 years, based on CRU precipitation data [Climatic Research Unit of the U. East Anglia, 
UK] over land during the period 1901-2006. This figure and caption are reproduced from 
Wang et al. (2011). 
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increase in precipitation over time due to deforestation would counteract a simultaneous rise in the 
runoff ratio of a large watershed. 

More recent catchment studies include those of the PROMAB (Programa de Monitoramento Ambiental 
em Microbacias), a program developed by a partnership between IPEF (Instituto de Pesquisas e Estudos 
Florestais) and the Brasilian forestry sector. Results from PROMAB may allow identification of best 
management practices applicable to afforested areas (addressed below) (Lima et al., 2008), Lima (2010). 

The study by Rodriguez et al. (2010) for the Ji-Paraná River basin considered nested sub-basins, ranging 
in size from 4,340 km2 (SB1) to 33,012 km2 (SB7) (Figure 22). The Rancho Grande paired watersheds 
study by Germer et al. (2010) compared two small basins approximately 400 meters apart, where one 
was covered by forest and the other by pasture. Of particular interest was a comparison between their 
stormflow hydrographs for a rainfall event on March 5-6, 2005 (Figure 23).  
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Table 3. Summary of results in LBA catchments in terms of the hydrologic response. This table is 
reproduced from Tomasella et al., 2009.  

Basin Area 
(km2) 

Location Land Cover Rainfall 
(mm a-1) 

Total 
Discharge 
(mm a-1) 

Runoff 
Coefficient 

(%) 

Base 
Flow 
(%) 

Source 

Deforested 

Fazenda 
Vitória 

0.0072 Easterm 
Amazônia 

Pasture 1769 296 17.3  Moraes et al. [2006] 

Cumaru 
WS3 

0.122 Easterm 
Amazônia 

Fallow 
Vegetation-
Agriculture 

2253 857 38.0 98.4 Wickel [2004],  
Wickel et al. [2008] 

Cumaru 
WS1 

0.358 Easterm 
Amazônia 

Fallow 
Vegetation-
Agriculture 

2253 921 40.9 98.4 Wickel [2004],  
Wickel et al. [2008] 

Colosso 1.22 Central 
Amazônia 

Pasture 1602 689 43.0 73.4 Trancoso [2006] 

Nossa 
Senhora 

14.5 SW 
Amazônia 

Pasture 1918 671-894 35.0-46.6 55.0-66.0 Biggs et al. [2006] 

Rancho 
Grande 

0.0073 SW 
Amazônia 

Pasture 2184 378 17.3  Chaves et al. [2008] 

Forested 

Juruena 
Oxisol 

0.0095 Southerm 
Amazônia 

Forest  1394  97.5 Johnson et al. [2006] 

Juruena 
Ultisol 

0.0194 Southerm 
Amazônia 

Forest  1755  96.8 Johnson et al. [2006] 

Fazenda 
Vitória 

0.0033 Easterm 
Amazônia 

Forest 1628 48 3.2  Moraes et al. [2006] 

Asu 
Mirim 

1.26 Central 
Amazônia 

Forest 1582 329 21.0 84.8 Trancoso [2006] 

Asu 6.56 Central 
Amazônia 

Forest 2514 1071 42.6 40.0 Hodnett et al. [2008] 

Rancho 
Grande 

0.0137 SW 
Amazônia 

Forest 2184 16.7 0.8  Chaves et al. [2008] 
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Figure 20. Summary of results in LBA catchments in terms of the hydrological response. This figure 
and caption are reproduced from Tomasella et al. (2009). 

 

Figure 21. Percentage of base flow as a function of the drainage area in LBA catchments. This figure 
and caption are reproduced from Tomasella et al. (2009). 
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Figure 22. The Ji-Paraná study by Rodriguez et al. (2010) considered nested sub-basins, ranging in 
size from 4,340 km2 (SB1) to 33,012 km2 (SB7). The largest sub-basin (SB7) had the largest 
degree of deforestation, and the smallest sub-basin (SB1) had the smallest degree of 
deforestation (in percentage). Trends were detected in the streamflows of small sub-
basins, but not larger ones, including increased peak discharges and decreased low flows. 
There was also a shortening of storm runoff lag times. These figure panels are reproduced 
from figure panels in Rodriguez et al. (2010). 
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Figure 23. In the Rancho Grande paired watersheds study by Germer et al. (2010), the hydrologic 
response of two small basins, approximately 400 m apart, is compared for a rainfall event 
on March 5-6, 2005. Discharge is plotted on a logarithmic scale. These figure panels are 
reproduced from figure panels in Germer et al. (2010). 





 

THE ROLE OF FORESTS IN THE MAINTENANCE OF STREAM FLOW REGIMES 58 
AND GROUND WATER RESERVES: A REVIEW OF THE SCIENTIFIC LITERATURE  

 

 

Figure 24. Location of the Paraná watershed (top panels) and representation of land cover (dataset 
from Eva et al., 2002) in the hydrologic model simulations by Bayer (2014). These figure 
panels are reproduced from Bayer (2014). 
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Figure 25. Naturalized daily stream flow rates (y axis) over time in the Paraná River basin at Itaipu. 
Period averages are shown in red for 1931-1970 and in blue for 1971-2010. There is an 
apparent step-like increase in the 1970s in streamflows, including baseflows and 
maximum flows. No sudden change in land cover was seen at this time in the figure that 
follows. This figure is reproduced from Bayer (2014). 

 

 

Figure 26. Land cover changes in the Paraná River basin, according to the data set by Leite et al. 
(2012). This figure is reproduced from Bayer (2014). 
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Figure 27. Experimental catchments with forest cover versus pasture: differences in hydrologic 
behavior. The text labels in the bottom right panel read “Elimination of canopy 
interception”, “Reduction of evapotranspiration”, “Reduction of infiltration and storage”, 
“Increase in surface runoff and decrease of sub-surface runoff”, and “Increased 
streamflow”. This figure is reproduced from Trancoso et al. (2007). 
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