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[1] Quantifying the degree to which tectonic and erosive
processes shape landscapes is key to understanding the
evolution of tectonically active mountain belts. Here we
explore the interplay of these two processes along the
humid, eastern flank of the South American Andes. We use
high-resolution Tropical Rainfall Measurement Mission
(TRMM) and SRTM data to characterize elevation, relief,
and hillslope angle of peak rainfall at orographic barriers.
Over a distance of more than 3500 km along the eastern
flanks, we find that peak rainfall (>3.5 m/yr) occurs at a
mean elevation of 1.3 £ 0.17 km, a mean relief of 0.95 +
0.08 km, and at moderate mean hillslope angles of 18.3 +
1.7°. We suggest that topographic relief is the best first-order
rainfall predictor and we demonstrate how relief changes
along strike south of the Andean orocline alter rainfall
distribution. Changes in climatic, sedimentary, and tectonic
processes prevent the formation of high relief amounts at the
mountain front and these areas are not characterized by
pronounced rainfall peak. Citation: Bookhagen, B., and M. R.
Strecker (2008), Orographic barriers, high-resolution TRMM
rainfall, and relief variations along the eastern Andes, Geophys.
Res. Lett., 35, L06403, doi:10.1029/2007GL032011.

1. Introduction

[2] Catchment topography depends to a large extent on
the interaction between hillslope and channel processes.
Consequently, rainfall is one of the most important factors
for shaping hillslope morphology and determining fluvial
network characteristics in active mountain belts [e.g.,
Bonnet and Crave, 2003; Coppus and Imeson, 2002; Tucker
and Bras, 1998]. It has been suggested that hillslope
morphology is controlled by regularly exceeding thresholds
for runoff erosion during large storms [e.g., Horton,
1945; Montgomery and Dietrich, 1989]. Thus, identifying
the dominant elements of peak rainfall formation is key
to understanding landscape dynamics and evolution
[Montgomery, 2001; Roe et al., 2003]. However, rainfall
distribution on windward mountain flanks is highly dispa-
rate and results from complex atmospheric-orographic inter-
actions [e.g., Barros and Lettenmaier, 1994; Roe, 2005].
Here, we analyze variations in rainfall and topography at
high resolution along the eastern flank of the Andes. We
processed orbital TRMM data to achieve the highest,
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instrument-native rainfall resolution. First, we quantify the
general rainfall gradients and moisture flux in order to
determine an empirical relation between rainfall and topo-
graphic relief that is necessary to produce a significant
orographic rainfall peak. Second, we show that hillslope
angles respond to rainfall variations in two end-member
scenarios: In regions with rainfall amounts above the
triggering threshold for many erosive processes, hillslope
angles remain moderately steep, regardless of tectonic
activity and differences in lithology. In contrast, hillslope
angles in regions with lower rainfall amounts are more
strongly controlled by the regional tectonic and sedimenta-
tion characteristics, as well as lithology. Third, moisture flux
into the orogen varies roughly by a factor of two, but peak-
rainfall amounts remain constant for regions with similar
relief characteristics.

2. Methods and Data

[3] We processed rainfall data from the Tropical Rainfall
Measurement Mission (TRMM). The TRMM platform has
several sensors that help characterize the global hydrological
cycle between 36°N and 36°S [e.g., Kummerow et al., 2000].
We rely on two different data products with different
spatiotemporal resolution. First, the spatially high-resolution
TRMM 2B31 data product and second, the temporally high,
but spatially low-resolution TRMM 3B42 data product
[Kummerow et al., 2000]. TRMM 2B31 is a combined
rainfall-profile product from the Precipitation Radar (PR)
and TRMM Microwave Imager (TMI). We processed data
from 1998 to 2006, and projected them from their original
resolution of 4 x 6 km and orbital paths toa 5 x 5 km grid
and equal-area projection, respectively. Each of the 52011
orbits (approx. 16/day) was fitted to an equally-spaced grid
with a bilinear interpolation to account for projection and
resolution inhomogeneities. Prior to rainfall calibration, we
scaled the TRMM 2B31 data with the number of measure-
ments in each grid cell, because higher latitudes are more
frequently measured due to the TRMM orbital paths. In
order to convert the 2B31 rainfall rate into absolute rainfall,
we calibrated the scaled data with gauged rainfall data from
1970 stations ranging from 10°N to 35°S [National Climatic
Data Center, 2002]. 943 of these stations are located above
1 km elevation and 667 are located above 2 km elevation
(see auxiliary material).’

[4] The second data set, TRMM 3B42, is widely used,
easy to process, and designed for large-scale precipitation
studies. Its algorithm combines several instruments
[Kummerow et al., 2000] and the output is gridded rainfall

'Auxiliary materials are available in the HTML. doi:10.1029/
2007GL032011.
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for 0.25 x 0.25 degree grid boxes (~30 x 30 km) with a
3-hour temporal resolution. In order to generate absolute
rainfall amounts from 8 measurements each day, we
linearly interpolated the rainfall amounts between the
measurements and integrated over each day.

[s] We derived the topographic parameters from a hole-
filled 90-m version of the Shuttle Radar Topography Mission
(SRTM V3) [Jarvis et al., 2006] and calculated the hillslope
angles in degree and relief. Relief is the elevation difference
between the minimum and maximum elevation in a given
radius. We chose a 3-km-relief radius as this approximately
represents the average hillslope length for the Andes. [Note
that results do not change if we apply a larger radius.]

[6] In order to quantify the relationship between topog-
raphy, relief, hillslope angles, and rainfall, we analyzed the
data in a total of 115 50-km-wide and 1000-km-long
swaths, perpendicular to the Andes, with a total length of
5750 km (Figure 1a). At each point in the orogen-perpendic-
ular direction along the swath, we averaged orogen-parallel
data for rainfall, elevation, and 3-km-relief (see Figure 2 for 4
examples). We chose this orientation for several reasons:
(1) the moisture transport direction is controlled by the
low-level Andean jet that runs along strike of the eastern
Andes, (2) vertically-integrated moisture flux into each of
the swaths varies only by a factor of two [here, we
integrated moisture flux between the 500 m contour and
the peak elevation for each swaths], (3) the Andean
deformation front is roughly parallel to the trace of the
subduction zone, and (4) all swaths are sub-perpendicular to
major thrust faults and thus represent topographic cross
sections that reflect structural characteristics of the orogen.
The swaths can be viewed as 50-km-averaged topographic,
hillslope, relief, and rainfall profiles. Given the 5 x 5 km
resolution of the TRMM 2B31 data, we average data sets
within a range of 5 km up- and downslope of the peak
rainfall locality.

3. Moisture Transport and Rainfall Along the
Eastern Flank of the Andes

[7] The Andes represent a major topographic barrier to
atmospheric circulation in South America. The orogen sep-
arates sharply contrasting conditions in the humid Amazon
lowlands and the generally more arid Pacific margin to the
west (Figure 1b). In their central portion (15-27°S), the
Andes form the second largest orogenic plateau, the semi-
arid to arid Altiplano-Puna Plateau [e.g., Allmendinger et al.,
1997; Garreaud et al.,2003]. The moisture source for rainfall
along the eastern flank of the Andes is primarily the Atlantic
Ocean with recycled moisture from the Amazon Basin
[Eltahir and Bras, 1994; Vera et al., 2006]. During the austral
summer, a warm-core anticyclone (Bolivian High) develops
in the upper troposphere over the Altiplano-Puna and the
adjacent eastern Andean slopes [e.g., Garreaud et al., 2003;
Vera et al., 2006]. Farther east is an upper-level trough
extending over the western South Atlantic from where
additional moisture is drawn. At low levels, a continental
heat low develops in the Gran Chaco of Paraguay and
Argentina and parts of the northern Sierras Pampeanas of
northwest Argentina [Lenters and Cook, 1995; Vizy and
Cook, 2007]. The ‘Chaco Low’ controls moisture flux into
southeastern Bolivia and northwestern Argentina through the
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low-level Andean jet [Salio et al., 2002; Seluchi et al., 2003].
Heavy orographic, convective rainfall occurs, when the
moisture-laden northerly low-level flow travels along the
eastern slopes of the Andes [e.g., Garreaud et al., 2003; Vizy
and Cook, 2007; Vuille et al., 1998]. While the general
atmospheric conditions leading to rainfall are fairly well
known [e.g., Vera et al., 2006], the topographic character-
istics modulating orographic rainfall are less well known,
particularly their influence on geomorphic processes. We
exploit the fundamentally different relief characteristics
south of the Bolivian orocline at ~17°S to characterize
rainfall-controlling mechanisms.

4. Results and Discussion

[8] The new high-resolution and calibrated TRMM data
reveal some striking characteristics of Andean rainfall
distribution. The precise nature of the orographic rainfall
patterns can only be observed in our processed TRMM
2B31 data set, whereas the coarser resolution of the TRMM
3B42 data set does not depict the peak rainfall amounts
(Figure 2). Peak rainfall occurs mainly at the first topo-
graphic rise of the Andes. Two rainfall peaks exist locally,
related to the eastward-directed thrusting and topographic
growth of the Subandes, which has caused a moderate
topographic barrier ~50 to 100 km (north) east of the
Eastern Cordillera. In contrast to rainfall distribution along
the Himalaya, however, there is no continuous inner rainfall
belt as there is no pronounced two-step morphology in the
Andes [Bookhagen and Burbank, 2006].

[¢9] Combined, all swaths reveal three principal character-
istics of the rainfall-topography relations (Figure 3a). First,
rainfall peaks at the eastern flanks occur at surprisingly
similar elevation and relief. Second, rainfall-peak elevation
is controlled by base-level conditions (or minimum eleva-
tion); third, moisture flux into the orogen varies roughly by
a factor of two and moisture flux south of the orocline is
comparable to regions in the northern Andes (Figure 3b).
However, the fundamental difference lies in the rainfall
distribution and rainfall-peak formation. For more than
3500 km length, rainfall peaks above 3.5 m/yr occur at a
mean elevation of 1.3 = 0.17 km and a 3-km-radius relief of
0.95 + 0.08 km (or a 5-km-radius relief of 1.28 = 0.10 km).
Interestingly, all variations of rainfall-peak elevations (green
line in Figure 3a) can be explained by a change in the base
level (i.e., the minimum elevation defined by river system
exiting the orogen) [Barros and Lettenmaier, 1994; Roe,
2005]. For example, the mean-elevation increase of ~0.3 km
at ~4°S (3800—4000 km S-N distance along the Andes in
Figure 3a) is related to the large Rio Pastaza fan, which is
responsible for elevated river outlets at the mountain front
(black line in Figure 3a). Similarly, the Fitzcarrald arch at
~11°S (~3500 km) has raised the elevation of river outlets
(both fan systems are depicted by light-greenish colors to the
east of the Andes in Figure la). All rainfall peaks are
associated with a critical 3-km-radius relief amount of
approx. 1 km. We suggest that there is a relief threshold
value at which deep convection and heavy orographic rainfall
are enhanced. Hillslopes in this high-rainfall belt are covered
by dense vegetation, and despite different underlying lithol-
ogies, hillslope-shaping processes have resulted in generally
similar hillslope angles of 18.3 + 1.7° north of the orocline.
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Figure 1. Color-coded topography of the Andes. White polygons mark the 115 50-km-wide and 1000-km-long swaths;
bold polygons correspond to exemplary swath profiles shown in Figure 2. Swaths are oriented perpendicular to the orogen
and their south to north distance along the orogen is shown by large black crosses (500-km intervals). Black lines indicate
major drainage divides. Note the extensive, internally drained basin of the arid Altiplano-Puna Plateau in the orogen interior
centered at ~20°S. (b) TRMM 2B31 annual rainfall of the Andes averaged for the period of 1998 to 2006 (9 years). These
data have a spatial resolution of ~5 x 5 km?. Note the generally high amounts of rainfall at orographic barriers on the

eastern flanks of the Andes. International borders in gray.

This suggests that the rainfall peaks with more than ~3.5 m/yr
are above the triggering threshold for many erosive processes
[Montgomery and Dietrich, 1989] and overprint any tectonic
signals. However, there is a large variance in the hillslope-
angle data, indicating complex interactions between various
processes (e.g., groundwater sapping, landsliding, and
slumping).

[10] South of the major convex eastward bend in the
orogen at ~17°S, there is no pronounced rainfall peak at the
mountain front despite similar moisture flux into the orogen
as in the north (Figures 3a and 3b). Peak rainfall is generally
lower, but still on the order of ~1.5 m/yr at ~26°S. We

explain this by a significant change in relief distribution
between the northern and south-central Andes: north of the
orocline, the distance from the mountain front to 1-km relief
(3-km-radius) in the orogen is relatively short and less than
~80 km. Similarly, the elevation at which relief reaches
1 km is between 1 and 1.5 km. In contrast, in the southern
part of the orocline these relief contrasts are attained at
much higher elevation and at much greater distance from
the undeformed foreland (Figure 3b). The general relief
reduction (red arrow in Figure 3a) at the mountain front in a
southern direction is related to two processes. First, imme-
diately south of ~17°S several megafan systems increase
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Figure 2. Four sample swath profiles from (north)east to (south)west of the northern, central, and south-central Andes (see
Figure 1a for locations). Rainfall is in blue (TRMM 2B31) and green (TRMM 3B42); SRTM topography is in black and gray;
and 3-km-radius relief is in red. Bold lines indicate mean values, and shading denotes +20 ranges for the 50-km-wide and
1000-km-long swaths (note: shading for topography denotes min. and max. elevation values). (a) We observe strong
orographic control of rainfall on the eastern and western side of the northern Andes, as moisture is transported from both
directions. (b)—(d) Prevailing winds are from the east or northeast (right). While there is general agreement between both
TRMM data sets, only the processed and calibrated TRMM 2B31 resolution is sufficient to document the strong orographic
effects.
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Figure 3. Synopsis of peak-rainfall analyses along 115 swath profiles. (a) We determine the peak rainfall amount (blue)
and find the corresponding morphologic characteristics for each swath: mean elevation (green), minimum elevation (black),
3-km-radius relief (red), and hillslope angle (orange). For a distance of more than ~3500 km between 2000 and 5750 km
along the eastern Andes flank, elevation (1.3 +0.17 km), relief (0.95 + 0.08 km), and hillslope angles (18.3 = 1.7°) at peak
rainfall locations remain nearly constant. (b) South of the orocline at ~17°S, peak rainfall amounts decrease abruptly due to
the combination of reduced moisture supply and <1 km relief at the mountain front.
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the elevation at which the rivers exit the mountain range
(green arrow in Figure 3a). The megafan systems are
thought to have formed in response to a monsoonal climate
in the region of the Subandes [e.g., Horton and DeCelles,
2001; Leier et al., 2005] and probably have been in
existence for the last 8 Ma [Uba et al., 2007]. We do not
observe megafan systems in the northern parts, as the
seasonal, but almost constantly high rainfall results in
continuous, efficient sediment transport away from the
mountain front and thus may prevent fan formation. Second,
at the southern tip of the megafan systems around 24°S in
NW Argentina, relief reduction is associated with enhanced
sediment storage in intermontane basins that are part of a
broad zone of low-elevation ranges and intervening basins
that define the Andean mountain front; in contrast to the
eastern flank of the orogen, this region is also associated
with a change in tectonic deformation style related to the
Tertiary compressional reactivation of a Cretaceous rift
province [Grier et al., 1991]. Farther west and southwest
in the Eastern Cordillera and the transition to the northern
Sierras Pampeanas basement uplifts [e.g., Jordan et al.,
1983], intermontane basins were filled during Plio-Pleisto-
cene time [Strecker et al., 2007]. Often, west-vergent thrust
faults produce gently windward dipping, long slopes that
lack the pronounced relief contrast between foreland and
mountain front of northern regions.

[11] The changes in hillslope angles mimic this pattern
of tectonic-climatic interaction on rainfall distribution in
the eastern central Andes: At the intersection between
megafans and mountain fronts, hillslope angles are still
low to moderately steep due to east-vergent thrusts [e.g.,
Horton and DeCelles, 2001]. Although exceptions exist,
farther south in NW Argentina, hillslope angles are con-
sistently low. There, the low relief of partly and fully filled
intermontane basins with peak rainfall amounts of only
~1 m/yr are below the triggering threshold for efficient
erosive processes. Interestingly, all patchy areas of elevated
rainfall of ~3 m/yr in the Argentine Andes can be related to
relief amounts of 1 km or more. For example, near Tucuman
at ~27°S, relief exceeds 1 km at the mountain front and
results in ~3 m/yr peak rainfall. Furthermore, our findings
are comparable to observations in the Himalaya, where the
frontal rainfall peak is at a 5-km-relief of 1.2 £ 0.3 km
(corresponding to a 3-km-relief of ~1 km) [Bookhagen and
Burbank, 2006]. The inner rainfall band in the Himalaya
occurs only in those regions, where a similar relief amount
of an additional ~1 km exists (e.g., at the southern flanks of
the Greater Himalayan Crystalline province).

5. Conclusion

[12] Nearly a decade of calibrated rainfall data from the
Tropical Rainfall Measurement Mission (TRMM) provide
an unprecedented insight into Andean rainfall distribution at
high spatial resolution. The data show strong orographic
rainfall bands at significant orographic barriers. Along the
eastern flanks of the Andes, our analysis of 90-m digital
topography and 5-km TRMM rainfall data reveal a clear
relationship between rainfall and topographic relief. Over a
distance of more than 3500 km from north of the equator to
the orocline at 17°S, peak rainfall occurs at a 3-km-relief of
0.95 + 0.08 km with similar relief distribution. To the extent

BOOKHAGEN AND STRECKER: EASTERN ANDES EROSION AND TECTONICS

L06403

that erosion is coupled to rainfall through runoff thresholds,
these rainfall peaks should modulate erosion. We suggest
that relief is a first-order control on orographic rainfall
generation and thereby corroborate earlier findings from
TRMM analysis in the Himalaya [Bookhagen and Burbank,
2006]. Our simple, empirical relation suggests that at least
1 km of 3-km-radius relief is needed to produce a significant
rainfall peak. This conclusion is supported by our observa-
tion in the regions south of the orocline: While moisture
flux is comparable to the northern Andes, there is no clear
rainfall peak at the eastern, windward topographic rise. This
region constitutes southern Bolivia and northwestern
Argentina, where lower relief amounts at orographic bar-
riers prevent the formation of a pronounced rainfall peak
and thus inhibit areas of increased erosion compared to the
north. Instead, the distribution of relief and rainfall is
controlled by sedimentary processes and tectonic conditions
that significantly differ from regions north of the orocline.
We suggest that mountain ranges with relief below the
triggering amount for orographic rainfall result in signifi-
cantly different landscapes. For example, the lack of fo-
cused erosion may allow a more diffuse pattern of
deformation and uplift, leading to reduced foreland connec-
tivity of fluvial systems, and storage of sediments in
intermontane basins. Indeed, this is common of regions
straddling the eastern Altiplano-Puna margin that coincide
with the climatic and geomorphic transition south of the
orocline. The conditions in the transition zone may thus
cause the orogen to grow laterally, which ultimately results
in the uplift and incorporation of moisture-shielded inter-
montane basins into the orogenic realm [e.g., Masek et al.,
1994; Sobel et al., 2003; Strecker et al., 2007].
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data/datapool/TRMM_DP/. We thank two anonymous reviewers for con-
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