
1 MOUNTAINS AND THEIR
CLIMATOLOGICAL STUDY

1. 1 INTRODUCTION

It is the aim of this book to bring together the major strands of our existing

knowledge of weather and climate in the mountains. The first part of the book

deals with the basic controls of the climatic and meteorological phenomena and

the second part with particular applications of mountain climatology and meteor-

ology. By illustrating the general climatic principles, a basis can also be provided

for estimating the range of conditions likely to be experienced in mountain areas of

sparse observational data.

In this chapter we introduce mountain environments as they have been perceived

historically, and consider the physical characteristics of mountains and their global

significance. We then briefly review the history of research into mountain weather

and climate and outline some basic considerations that influence their modern study.

1.1.1 Historical perceptions

The mountain environment has always been regarded with awe. The Greeks

believed Mount Olympus to be the abode of the gods, to the Norse the Jötunheim

was the home of the Jotuns, or ice giants, while to the Tibetans, Mount Everest

(Chomo Longmu) is the ‘‘goddess of the snows.’’ In many cultures, mountains are

considered ‘‘sacred places;’’ Nanga Parbat, an 8125m summit in the Himalaya,

means sacred mountain in Sanskrit, for example. Conspicuous peaks are associated

with ancestral figures or deities (Bernbaum, 1998) – Sengem Sama with Fujiyama

(3778m) in Japan and Shiva-Parvati with Kailas (6713m) in Tibet – although at

other timesmountains have been identified with malevolent spirits, theDiablerets in

the Swiss Valais, for example. This dualism perhaps reflects the opposites of tran-

quility and danger encountered at different times in the mountain environment.

Climatological features of mountains, especially their associated cloud forms, are

represented in many names and local expressions. On seeing the distant ranges of

New Zealand, the ancestral Maoris named the land Aotearoa, ‘‘the long white

cloud.’’ Table Mountain, South Africa, is well known for the ‘‘tablecloth’’ cloud

that frequently caps it. Wind systems associated withmountains have also given rise

to special names now widely applied, such as föhn, chinook and bora, and others

still used only locally.
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Today, themajestic scenery ofmountain regionsmakes themprime recreation and

wilderness country. Such areas provide major gathering grounds for water supplies

for consumption and for hydroelectric power generation, they are often major forest

reserves, as well as sometimes containing valuable mineral resources. Mountain

weather is often severe, even in summer, presenting risks to the unwary visitor

and, in high mountains, altitude effects can cause serious physiological conditions.

Concerns over sanctity and safety explain why mountains remained largely unex-

plored, except by hunters or mineral and plant collectors for much of human history.

Scientific exploration of mountains began in earnest in the late-eighteenth century.

Despite their environmental and societal significance, and the fact that moun-

tain ranges account for about 25 percent of the Earth’s land surface, the meteor-

ology of most mountain areas is little known in detail. Weather stations are few and

tend to be located at conveniently accessible sites, often in valleys, rather than at

points selected with a view to obtaining representative data.

Climatic studies in mountain areas have frequently been carried out by biolo-

gists concerned with particular ecological problems, or by hydrologists and glaciol-

ogists interested in snow and ice processes and melt runoff, rather than by

meteorologists. Consequently, much of the information that does exist tends to

be widely scattered in the scientific literature and it is often viewed only in the

context of a particular local problem.

1 . 2 CHARACTERIST ICS OF MOUNTAIN AREAS

Definitions of mountain areas are unavoidably arbitrary (Messerli and Ives, 1997,

p. 8). Usually no qualitative, or even quantitative, distinction is made between

mountains and hills. Common usage inNorth America suggests that 600m ormore

of local relief distinguishes mountains from hills (Thompson, 1964). Such an

altitudinal range is sufficient to cause vertical differentiation of climatic elements

and vegetation cover. Finch and Trewartha (1949) propose that a relief of 1800m

can serve as the criterion formountains of ‘‘Sierran type.’’ Such a range of relief also

implies the presence of steep slopes. In an attempt to provide a rational basis for

definition, Troll (1973) delimits high mountains by reference to particular landscape

features. The most significant ones are the upper timberline, the snow line during

the Pleistocene epoch (which gave rise to distinctive glacial landforms) and the

lower limit of periglacial processes (solifluction, etc.). It is apparent that each of

these features is related to the effects of past or present climate and tomicroclimatic

conditions at or near ground level.

On the basis of Troll’s criteria, the lower limit of the highmountain belt occurs at

elevations of a few hundred meters above sea level in northern Scandinavia,

1600–1700m in central Europe, about 3300m in the Rocky Mountains at 408N,

and 4500m in the equatorial cordillera of South America (see Figure 1.1). In arid

central Asia, where trees are absent and the snow line rises to above 5500m, the

only feasible criterion remaining is that of relief.
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Troll’s approach derives from the German distinction between Hochgebirge

(high mountains), such as the Alps and Tatra, and the lower and gentler ridges of

theMittelgebirge, which include the Riesengebirge and Vosges. It is not altogether

suitable from the climatological standpoint since, although the altitudinal limit

varies with latitude in such a way as to define alpine areas and their biota (cf. Barry

and Ives, 1974), it is the altitudinal and slope effects, which cause many of the

special features of mountain climates. It is worth noting in passing that ‘‘alpine’’

denotes above tree line, although in some mountains this may be ambiguous due

to the absence of tree species at high elevation. A climatologically predictive use

of tree line altitude (disregarding land use, fire, and a few special genus-specific

effects) has been demonstrated by Körner and Paulsen (2004). Data they collected

at 46 mountain sites between 428 S and 688N show that the growing season mean

10-cm soil temperature at the climatic tree line averages 6.7 8C, with only small

departures in different climatic zones (5–6 8C at equatorial tree lines and 7–8 8C in

mid-latitudes and the Mediterranean zone). The alpine zone gives way to the nival

zone where vascular plants are largely absent. An alternative terminology uses

eolian zone, where wind plays a major role; this zone may be seasonally affected

by nival (snow-related) conditions and processes, but also has extensive rock

cover or rock and snow patches. These characteristics are important for bio-

logy and geomorphology, as well as for microclimates, but need not concern us

further here.

Fig. 1.1 Latitudinal cross-section of the highest summits, highest and lowest snow lines, and highest and lowest

upper limits of timberline (from Barry and Ives, 1974).
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The treatment in this book emphasizes high mountain effects, due to altitude,

although since airflowmodifications that arise at even modest topographic barriers

can cause important differences between upland and lowland climates, such effects

are also discussed.

The geomorphologist H. Louis (1975) estimated that the land surface occupied

by mountains is about 20 percent. His simple breakdown is shown in Table 1.1.

A recent calculation based on the degree of dissection and altitude range has been

made using 1-km digital terrain data for non-glacierized areas of the world aggre-

gated to 300 � 300 cells (Meybeck et al., 2001);Antarctica,Greenland and theCaspian

and Aral seas are excluded. Relief roughness (RR) is defined as maximum minus

minimum elevation in a cell divided by half the cell length (in units of m/km or‰).

Mountains are defined as having RR> 20‰ for a mean elevation 500–2000m and

RR> 40‰ at higher elevation. Their results (Table 1.2) indicate that mountains

make up 25 percent of the land area.Mountains are also shown to provide 32 percent

Table 1.1 The global area of mountains and high plateaus.

Mountains Plateaus (106 km2) Mountains/land surface (%)a

3000mb – 6 – 4.0

2000–3000m 4 6 2.7

1000–2000m 5 19 3.4

0–1000m 15 92 10.1

Total 30 117 20.2

aThe total land surface is about 149million km2, oceanic islands covering 2million km2 are

not included in the listed areas.
bAll land above 3000m.

Source: after Louis (1975).

Table 1.2 Mountain relief based on roughness classes, and the degree of dissection, both shown as percent of the land

surface excluding Greenland and Antarctica.

(Very)/high mts 4.4% (Very)/high plateaus 1.0%

Middle mts 10.1 Middle plateaus 3.3

Low mts 10.5 Low plateaus 8.3

Hills 8.6 Platforms 14.3

Rugged lowlands 3.2 High/middle plains 10.9

Plains, lowlands 25.4

Extremely dissected 0.4%

Highly dissected 5.8 Plateaus/plains 25%

Low/mod. dissection 32 Flat/very flat 37

Source: after Meybeck et al. (2001).
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of global runoff; appropriately they have been dubbed ‘‘water towers of the twenty-

first century’’ (Mountain Agenda, 2002). Moreover, 26 percent of the world’s

population lives in mountain and high plateau regions.

The locations of the major mountain ranges and highland areas of the world and

their climatic zonation are shown in Figure 1.2. The most latitudinally extensive

mountain chains are the cordilleras of westernNorth and South America. Themost

extensive east–west ranges are the Himalaya and adjoining ranges of central Asia.

Reference should also be made to the vast highland plateau exceeding 4000m in

Tibet and the even larger ice plateaus of Greenland and Antarctica. All of these

regions have major significance for weather and climate at scales up to that of the

general circulation of the atmosphere. In contrast, major, but isolated, volcanic

peaks that occur in east Africa and elsewhere, have their own distinctive effects on

local weather and climate.

1 . 3 H I STORY OF RESEARCH INTO MOUNTAIN WEATHER

AND CLIMATE

Intensive scientific study of mountain weather conditions did not begin until the

mid-nineteenth century although awareness of the changes in meteorological

elements with altitude came much earlier. The effect of altitude on pressure was

proved in September 1648 when Florin Périer, at the request of his brother-in-law
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Fig. 1.2 Alpine and highland zones and their climatic characteristics (after N. Crutzberg, from Ives and Barry,

1974).
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Blaise Pascal, operated a simple Torricelian mercury tube at the summit and base of

the Puy de Dôme in France. In August 1787, H.B. de Saussure (1796), who was a

keenmountaineer, made observations of relative humidity during an ascent ofMont

Blanc using the hair hygrometer, which he had developed. His instruments are on

display in Geneva (Archinard, 1980, 1988). In July 1788, he and his son maintained

two-hourly meteorological observations on the Col du Géant (3360m) near Mont

Blanc while comparative observations were made at Chamonix (1050m) and

Geneva (375m). Carozzi and Newman (1995) give information on these ascents

and de Saussure’s other journeys around Mont Blanc, including his observations

about snow and glaciers. From these data, de Saussure was able to study tempera-

ture lapse rate and its diurnal variation, obtaining an estimate close to that of Julius

von Hann a century later. His writings discussed eighteenth-century theories of the

reason for low temperatures in the mountains and he came closer to modern views

than most physicists of his day (Barry, 1978). De Saussure also attempted to

measure altitudinal variations of evaporation and sky color and was fascinated

by numerous other mountain weather phenomena and human response to high-

altitude conditions. He can rightfully be regarded as the ‘‘first mountain

meteorologist.’’

In the 1850s, meteorological measurements begin to be made systematically on

high mountains, often in association with astronomical studies, as on the Peak of

Tenerife (Canary Islands) (Smyth, 1859). In the United States, the earliest extensive

observations were those made in the summers of 1853 to 1859 onMt. Washington,

New Hampshire (1915m) (see Stone, 1934). The establishment of observatories by

the US Signal Service soon followed on Mt. Washington in 1870 and on Pike’s

Peak, Colorado (4311m) in 1874 (Rotch, 1892). Observations were also made on

Mt. Mitchell, North Carolina (2037m) in the summer of 1873 (Howgate and

Sackett, 1873). In Europe, similar developments took place following a suggestion

made by J. von Hann at the second International Meteorological Congress in

Rome, in 1879. The major European countries established observatories (Rotch,

1886; Roschkott, 1934), particularly in the Alps, where many of these stations are

still operating. The impressive location of the Sonnblick Observatory, Austria

(Böhm, 1986; Auer et al., 2005) is shown in Figure 1.3. A summary of the location

and periods of operation of the major observatories/weather stations is given

in Table 1.3.

After the initial enthusiasm for mountain weather data in the United States,

a number of problems led to a decline in interest in maintaining mountain obser-

vatories (Stone, 1934). On the technical side, the telegraph lines were hard to

maintain, while a suitable basis for incorporating the data into the synoptic

weather-map analyses, then based almost solely on surface weather observations,

did not exist. Both Mt. Washington and Pike’s Peak were closed by the Weather

Bureau in the 1890s, and in Scotland the same fate befell the BenNevis Observatory

in 1904, due to a lack of funds (Roy, 1983). The value of such observatories in

connection with upper air studies was raised again in the 1930s when aerological
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networks were first being established (Bjerknes et al., 1934). Mt. Evans, Colorado,

for example, was used as a site for ozone measurements and new determinations of

ultraviolet radiation (Stair and Hand, 1939). Mountain stations can operate in any

weather conditions and collect data for 24 hours of the day, whereas soundings are

made only twice per day and may be restricted by weather conditions. Partly as a

result of such concerns, the Mount Washington Observatory was re-established

during the International Polar Year 1932–33 and continues in operation (Smith,

1964, 1982). The only recent development is the establishment of Mauna Loa

Observatory (Price and Pales, 1963), which has assumed major importance as a

bench mark monitoring station for solar radiation and atmospheric gases. The

Zugspitze Observatory in Germany has served as a base for aerosol, atmospheric

electricity and radioactivity studies (Reiter, 1964) and the Weissfluhjoch in

Switzerland for snow research (Winterberichte No 15, 1950).

In other areas of the world, mountain weather data were primarily collected

by survey parties, such as those in the Himalaya (Hill, 1881), or by expeditions

like those from Harvard University to the Peruvian Andes between 1893 and 1895

(Bailey, 1908). There were many such scientific expeditions, some specifically

for meteorological purposes. These included early attempts to determine the extra-

terrestrial solar radiation (see p. 35). In addition, climatic records have been

collected frommany second-order or auxiliary stations inmountain regions around

the world. For long-term records (with published climatic mean data for 1931–60),

there are about twenty stations around the world located above 2000m according

to Lauscher (1973). However, some of these are situated on high plateaus, in

Fig. 1.3 The Sonnblick Observatory in April 1985 (R. Boehm).

1 . 3 H I S T O R Y O F R E S E A R CH I N T O MOUN T A I N W E A TH E R AND C L IMA T E 7

© Cambridge University Press www.cambridge.org

Cambridge University Press
978-0-521-68158-2 - Mountain Weather and Climate, Third Edition
Roger G. Barry
Excerpt
More information

http://www.cambridge.org/9780521681582
http://www.cambridge.org
http://www.cambridge.org


T
a
b
le
1
.3

P
ri
n
ci
p
a
l
m
o
u
n
ta
in

o
b
se
rv
a
to
ri
es
.

N
a
m
e

C
o
u
n
tr
y
/s
ta
te

L
o
ca
ti
o
n

E
le
v
a
ti
o
n
a
(m

)
R
ec
o
rd
s

R
ef
er
en
ce
s

A
si
a

M
t.
F
u
ji

Ja
p
a
n

3
5
82

1
0 N

,
1
3
8
8
4
4
0 E

3
7
1
6

1
8
8
8
–
1
9
3
1
(s
u
m
m
er
s)

1
9
3
2
–

F
u
ji
m
a
ra

(1
9
7
1
)b
;

S
o
lo
m
o
n
(1
9
7
9
);

O
h
m
u
ra

a
n
d
A
u
er

(2
0
0
4
)

O
M
ei
S
h
a
n

C
h
in
a

2
9
82

8
0 N

,
1
0
3
84

1
0 E

3
3
8
3

1
9
3
2
–
3

L
a
u
sc
h
er

(1
9
7
9
b
)

E
u
ro
p
e

F
a
n
a
rä
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