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Climatic Limits on Landscape Development in
the Northwestern Himalaya

Nicholas Brozovi¢,*t Douglas W. Burbank, Andrew J. Meigs:#

The interaction between tectonism and erosion produces rugged landscapes in actively
deforming regions. In the northwestern Himalaya, the form of the landscape was found
to be largely independent of exhumation rates, but regional trends in mean and modal
elevations, hypsometry (frequency distribution of altitude), and slope distributions were
correlated with the extent of glaciation. These observations imply that in mountain belts
that intersect the snowline, glacial and periglacial processes place an upper limit on
altitude, relief, and the development of topography irrespective of the rate of tectonic

processes operating.

Ohn scales of years to thousands of years,
mountains are generally viewed as approx-
imately static masses of rock whose surfaces
are etched by erosion (I). In contrast, on
scales of tens of thousands to millions of
years, tectonic and geomorphic processes
may lead to the exhumation of rocks once
buried tens of kilometers in the crust (2).
Typically the presence of elevated topogra-
phy has been interpreted as a response to
enhanced rates of rock uplift, whereas ap-
parent altitudinal limits to topography have
been interpreted in terms of rock strength
or gravitational collapse (3-5). Here, we
compared indices of exhumation and geo-
morphic and climatic data with digital top-
ographic analysis and found that in the
actively deforming northwestern Himalaya,
climate is the fundamental control on the
development of topography.

Qur study area covered more than
40,000 km? of the northwestern Himalaya
and Karakoram (Fig. 1). The juxtaposition
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of deeply incised river gorges and mountain
peaks forms the world’s largest, steepest ter-
restrial relief: in less than 30 km the eleva-
tion drops from 8125 and 7788 m at the
summits of Nanga Parbat and Rakaposhi,
respectively, to about 1500 m in the Indus
and Hunza valleys. This relief creates an
altitudinal zonation of climatic, ecologic,
and geomorphic regimes (6, 7). Much of
the landscape is dominated by glacial and
periglacial processes, and a southwest-to-
northeast gradient of decreasing annual pre-
cipitation controls the lower altitudinal
limit of permanent snow (the snowline)
and the extent of glaciation (6-8). Sedi-
ment yield, bedrock incision, and historic
landslide data (9, 10) indicate that modern-
day erosion rates are uncommonly high (up
to 12 mm/year along the middle Indus
gorge).

On the basis of relief and degree of dis-
section, we divided our study area into eight
distinct physiographic regions consisting of
undissected .plateaus, dissected plateaus,
and deeply incised mountainous regions
(Fig. 2A). Each region has an area of several
thousand squate kilometers, and the bound-
aries between regions were taken either at
the mid-points of major valleys or along
major faults or structural trends. We used a
90-m grid space digital elevation model
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(DEM) (11) to calculate the hypsometry
(the relation between area and altitude)
and slope distributions as a function of al-
titude within the eight regions (Figs. 2 and
3).

Almost half of the land area lies between
4000- and 5000-m altitude, which represents
only 12% of the total relief (Fig. 3). Four-
fifths of the area lies within less than half of
the relief (3000 to 6000 m). Although there
are many peaks higher than 7000 m, only
~1% of the area lies above 6000 m. Even
though relief in the subregions varies from
1500 m to more than 7000 m, the modal
elevation (the elevation with the greatest
frequency in the landscape) is between 4000
and 5000 m in all cases, irrespective of
whether the regions are undissected plateaus
(the Deosai Plateau), partially dissected pla-
teaus (the Gamugah surface, parts of the
Deosai Plateau, and the Ghujerab moun-
tains), or deeply dissected mountainous re-
gions (Nanga Parbat, Haramosh and Raka-
poshi, and the Karakoram). Mean elevations
vary between ~3200 m for the Gamugah
surface and ~4800 m for the Ghujerab
mountains (Fig. ZA) and generally increase
to the north and east of the study area. The
mean elevation of the Nanga Parbat region
(~3800 m), which contains the highest peak
in the study area (8125 m) and one of the
highest peaks in the world (12), is lower
than the means of both the adjacent dissect-
ed portion of the Deosai Plateau (~4100 m)
and the entire data set (~4200 m).

To constrain landform variability with
altitude, we subdivided the landscape into
500-m vertical bins and analyzed the slope
distributions for each bin for the eight re-
gions (13). Slope angles in all the regions
analyzed except the undissected portion of
the Deosai Plateau vary similarly with alti-
tude (Fig. 3). They display steep slopes at
high altitudes (>5500 m), gentler slopes at
low altitudes (<4000 m), and a local min-
imum in slope from 4000 to 5000 m (an
elevation near the modal elevation of each
area). Areally extensive, gentle slopes are
associated with the confluence of the Indus
and Gilgit rivers, the Skardu Basin, and
some of the larger Karakoram glaciers (Fig.
3). These areas are represented by spikes in
the hypsometry and a depression of the
25th percentile of slope angles for the re-
gions that contain them.

The large area that lies between 4000
and 5000 m might be interpreted as the
remnants of an erosion surface or plateau.
Several planation surfaces have been iden-
tified in the northwestern Himalaya (14),
but these are of limited areal extent and
have low slope angles. In contrast, the re-
gion between 4000 and 5000 m is large
(45% of the area) and has an average slope
of about 25° (Fig. 3). Thermochronologic
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data from the northwestern Himalaya and
Karakoram show that a large part of the
region has undergone many kilometers of
exhumation during the last several million
years (10, 15). Spatially this exhumation
has been highly variable (Fig. 1) and locally
rapid, reaching 5 km/My along the Nanga
Parbat-Haramosh axis (15). Thus, any sur-
faces of late Tertiary age would have been
eroded from most of the study area; the
region of less steep slopes that lies between
4000 and 5000 m cannot represent rem-
nants of an erosion surface (such as an
extension of the Tibetan Plateau).
Though the study area encompasses sev-
eral distinct lithological sequences (2),
trends of slope angles with altitude are re-
gionally consistent and unrelated to these
lithological variations. Hence, rock proper-
ties cannot be the only control on hillslope
development in the northwestern Hima-
laya. Because there is a local minimum in
slopes around 4000 m, slope angles are not
a linear function of altitude, as has been
suggested (7). Although the slope minimum
between 4000 and 6000 m cannot be as-
cribed solely to a change from fluvially in-
cised V-shaped valley profiles to glacially
incised U-shaped valley profiles (16), it fol-
lows trends in the altitude of the snowline,
rising to the north and east (Fig. 2B). We
speculate that the moderation of slopes ob-
served in the northwestern Himalaya is
caused by extensive glacial scouring of the

37°N-
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Fig. 1. Location map of the western syntaxis of
the Himalaya, showing major peaks and rivers,
trends in apatite fission-track cooling ages (75),
and representative cosmogenic nuclide incision
rates (70). NP, Nanga Parbat (8125 m); H, Har-
amosh (7397 m); R, Rakaposhi (7788 m). Apatite
fission-track cooling age zones: A, 0 to 1 million
years (My); B, 1to 6 My; C, 6to 15 My. Ra, Raikot
fault; S, Stak fault; MMT, Main Mantle Thrust;
MKT, Main Karakoram Thrust. Fluvial incision
rates inferred from cosmogenic nuclide ages for
the Indus River (70) are shown in boxes, with units
of millimeters per year, equivalent to kilometers
per million years.

landscape coupled with vigorous freeze-
thaw action, which is most effective be-
tween 4000 and 6000 m because of abun-
dant moisture (7). The consistent relation
between modal elevation, slope distribu-
tions, and the altitude of the snowline
across regions that are undergoing exhuma-
tion at very different rates (Figs. 1 and 3)
leads us to conclude that climate is the
ultimate control on large-scale landscape
development in the region.

In considering the importance of glacia-
tion on a landscape over geological time
scales, it is critical to realize that we are

74'E 0 0

Fig. 2. (A) Map showing 1-km digital topography
of the study region and the physiographic areas
used in the analysis. The area corresponds to that
shown in Fig. 1. The 90-m DEM we used in the
analysis has a resolution about 100 times better
than this image (7 7). NP, Nanga Parbat; D, Deosai
Plateau (undissected); DD, dissected portion of
Deosai Plateau; GS, Gamugah surface; RH,
Rakaposhi and Haramosh; SN, area north of
Skardu Basin; K, western Karakoram; G, Ghu-
jerab mountains (northern Karakoram). Mean ele-
vations for each subregion are shown. (B) Snow-
line altitudes for the study region (8).
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presently in an interglacial period, and that
both full-glacial and average Quaternary
climatic conditions entailed more extensive
glaciation (17). A common measure of the
extent of glaciation is the equilibrium line
altitude (ELA), the altitude on a glacier at
which annual accumulation is exactly
matched by annual ablation, so that the net
mass balance for the glacier is zero. We used
regional snowlines (8) as both a general
climatic indicator and a proxy for regional
ELAs for three reasons. First, ELAs are sig-
nificantly affected by microclimate and mi-
nor topographic variations (18), whereas we
were concerned with regional trends. Sec-
ond, many glaciers in the northwestern Him-
alaya are fed by avalanches (7, 19), and large
portions of their contributing areas are un-
glaciated, making ELA calculation from to-

Fig. 3. Landscape analysis

pographic maps difficult. Third, the inacces-
sibility of the region has meant that there are
few studies that have measured ELAs in the
field, and these have been limited to the
main valleys (19-21). Where several studies
have concentrated on the same glacier, ELA
measurements often show significant varia-
tions (19-21).

Hypsometry places an important con-
trol on glacier mass balance during climat-
ic fluctuations (22). When the ELA is
dropping, the rate at which the extent of
glaciated terrain in the landscape increas-
es depends on hypsometry: Small changes
in ELA significantly increase the percent
surface area covered by glaciers when the
region lies at an altitude similar to the
ELA. In the northwestern Himalaya,
ELAs during the last glacial maximum

for the regions shown in Fig.
2. The abbreviations are the
same as for Fig. 2, and “All”
is the entire data set. The
thick black line on each
graph is the hypsometry (fre-
quency distribution of alti-

tude) for that region. The fre-
quency data have been

binned in 100-m vertical in-
tervals and normalized to al-
low direct comparison be-
tween regions with different
areas. The arrows on the
horizontal axes indicate the
mean elevation for each re-

gion; values are inside the

graphs. The vertical dark
gray lines running from top
to bottom in the graphs
show the range of snowline
altitudes for each region,
from Fig. 2B. The three sub-
horizontal gray lines show

Slope (degrees)

Frequency

the 25th, 50th, and 75th

percentile of slope distribu-
tions as a function of alti-
tude, calculated with 500-m
vertical bins (73). The light
gray shaded areas on the
slope distribution curves
highlight the regions of mod-
erated slopes that generally

coincide with modal eleva-

tions. On several of the
slope distribution curves,
the lowermost several hun-
dred meters are dotted:
these lower slopes result
from sampling of the wider
valley floors of the Indus and

Hunza rivers and do not re-
flect a rapid increase of
slope with altitude. The bot-

Elevation (km)

tom right-hand graph shows the similarity between data for the Nanga Parbat region, thought to be
undergoing denudation of between 5 and 10 km/My (70, 15), and the entire data set. The arrows labeled
“np” and “All” on the horizontal axis indicate the mean elevations of the Nanga Parbat data and the entire

data set, respectively.
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REPORTS

(LGM) are estimated to have been be-
tween 600 and 1000 m lower than at
present (18). The long-term mean posi-
tion of ELAs during the Quaternary is
estimated to have been ~400 to 500 m
lower (17). Using the hypsometry, we cal-
culated the changes in surface area above
the snowline that would result in the study
regions for a given lowering or raising of
the ELA (Fig. 4); this change in area is
related to the total glacier accumulation
area. For the deeply incised mountainous
regions (Nanga Parbat, the Karakoram,
and Haramosh and Rakaposhi), there is an
approximately linear relation between
ELA lowering and the area above the
snowline (Fig. 4). Modern-day glaciers in
the Karakoram are extensive (8, 19); con-
ditions at the LGM would have nearly
doubled the area above the snowline
available for their accumulation areas. For
the Nanga Parbat and Haramosh and
Rakaposhi regions, LGM conditions could
have nearly quadrupled the area above the
snowline, and average Quaternary condi-
tions would have doubled the area. For the
plateaus and dissected plateaus, the effect
of lowering ELAs is even greater on the
landscape (Fig. 4): The Deosai Plateau is
unglaciated today but would have been
blanketed by an ice sheet during LGM
conditions.

We suggest that the hypsometric config-
uration found in the northwestern Hima-
laya is stabilized through the operation of
two separate negative feedback mecha-
nisms: hypsometric forcing of glaciers and
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Fig. 4. The influence of changes in ELA on the
extent of terrain above the snowline. Portions of
the hypsometry for the regions of Fig. 2 are inte-
grated to show the percentage of the area above
the snowline for various changes in the ELA. The
vertical gray lines denote present-day conditions
and the range of last glacial maximum conditions
(78). As an example, for the Rakaposhi and Har-
amosh region, a lowering of the ELA by 600 m will
double the area above the snowline. Because the
slope of the integrated Rakaposhi and Haramosh
hypsometric curve is the lowest of all the regions
analyzed, it shows the smallest magnitude of re-
sponse to changes in ELA. The other regions will
show larger responses to ELA changes, propor-
tional to their slopes.

Landscape above snowline (%)
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topographic lightning rods (features consid-
erably higher than the surrounding land-
scape). Changes in the ELA affect the size
of the glacial accumulation area as a direct
function of landscape hypsometry (22).
Any surface uplift (whether isostatically or
tectonically driven) represents a relative
lowering of ELA within the landscape, so
that surface uplift and rock uplift in the
absence of erosion will tend to cause an
increase in the glacier-covered area. In-
creasing glacier accumulation areas will also
increase ice flux, and it is argued that this
will increase erosion rates (23), thus return-
ing the landscape toward its previous hyp-
sometry. On the north slope of Nanga Par-
bat, modern-day denudation is 4.6 to 6.9
mm/year for the glaciated area and 1.4 to
2.1 mm/year for the unglaciated part of the
basin (21). If these erosion rates are main-
tained during an increase in accumulation
area, the basin-wide erosion rate will in-
crease rapidly during lowering of the ELA.

Although the three highly incised
mountainous regions have mean elevations
similar to those of the undissected plateaus,
their maximum elevations are significantly
higher (Fig. 3). These regions (Nanga Par-
bat, Haramosh and Rakaposhi, and the
Karakoram) have a small amount of land (1
to 2%) at high elevations (>6500 m). We
suggest that these peaks are remnants of
topography that surface processes have not
quite managed to remove, whose maximum
relief is determined by rock strength (4).
Such regions are characterized by steep
slopes, often too steep and cold to be glaci-
ated (7, 24). Even though these regions
represent a small percentage of the total
area, they will have a significant effect on
local climate because they protrude so far
above the rest of the landscape. Such topo-
graphic lightning rods locally focus mois-
ture (25), ice, and, hence, erosion, estab-
lishing another negative feedback system in
the landscape.

It is argued that the Nanga Parbat region
is undergoing rapid differential rock uplift
(10, 15). All the active faults that have
been mapped in the area have either thrust
or strike-slip displacements; no major active
normal faults have been documented (2,
15). Nevertheless, the mean elevations in
this region of active deformation (3200 to
4800 m) are all less than that of the Tibetan
Plateau, for which the mean elevation is
~5000 m (I11). In Tibet, snowline altitudes
are as high as 6400 m, and only a small area
is presently glaciated (8, 19). Active nor-
mal faulting is interpreted to be a result of
gravitational collapse of the plateau (5). In
contrast to Tibet, we suggest that in the
northwestern Himalaya, the efficiency of
surface processes (and, in particular, glacia-
tion) has prevented the mountain range
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from reaching mean elevations at which the
driving forces of tectonism could no longer
support it. However, the topographic con-
trols imposed by glaciation are insensitive
to the cause of rock uplift, so that both
tectonically and isostatically driven rock
uplift would result in similar appearing
landscapes. It is impossible to differentiate
isostatic and tectonic components of rock
uplift within continental orogenic systems
such as the Himalaya purely from a surface
perspective; constraints on the rates of
crustal-scale processes are needed.

These Himalayan data suggest that the
height attained by a mountain belt with
abundant precipitation once it is extensive-
ly glaciated is a function of the ELA rather
than of rock uplift rates. Maximum and
mean mountain elevations generally de-
crease as a function of increasing latitude
and decreasing ELA (26). Thus, the long-
term mean ELA forms an upper envelope
on the development of topography through
which only a relatively small amount of
material is allowed to pass (27). The world’s
highest mountain range may owe its alti-
tude as much to its occurrence at mid-
latitude as to its structural position at-the
edge of the Tibetan Plateau. A high-lati-
tude, tectonically active orogen, such as the
Alaska Range, may never be able to reach
Himalayan proportions, irrespective of the
rates or magnitudes of tectonic processes.
Moreover, in a tectonically active, glaciated
mountain range, to allow an increase in
peak elevations, it would be necessary to
raise the long-term ELAs—in other words,
the climate would have to become warmer
or drier. This notion is opposite to the
suggestion that a cooling of climate would
be niecessary to raise mountain peak eleva-
tions (28).
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