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Abstract. Differential temperature changes with atitude can shed light on the relative importance
of natural versus anthropogenic climatic change. There has been heightened interest in this subject
recently dueto the finding that high-elevation tropical glaciers have been retreating and that significant
melting from even the highest alpine regions has occurred in some areas during the past 20 years or
so, as recorded in ice core records, which do not reveal any similar period during previous centuries
to millennia.

In this paper we find evidence for appreciable differences in mean temperature changes with
elevation during the last several decades of instrumental records. The signal appears to be more
closely related to increases in daily minimum temperature than changes in the daily maximum. The
changes in surface temperature vary spatialy, with Europe (particularly western Europe), and parts
of Asiadisplaying the strongest high altitude warming during the period of record.

High-elevation climate records of long standing taken at anumber of mountain tops throughout the
world, but primarily in Europe, areavailablefrom anumber of countries. In some cases, meteorol ogical
observations at these unique mountain sites have been discontinued for a variety of reasons, usualy
budgetary. It ishoped that the papers published in this specia issue of Climatic Change can contribute
to a reassessment of the value of continuing climate measurements at these mountain observatories
by the appropriate entities, so that we may continue to have access to climate information from the
‘tops of theworld'.

1. Introduction

Concern has been expressed by a number of researchers that greenhouse-gas-
induced climatic changes will severely impact the mountain regions of the world
(Schneider, 1990; Hastenrath and Kruss, 1992; Grabherr et al., 1994; Oerlemans,
1994; Beniston, 1994; Diaz and Graham, 1996). One of the most obvious and
potentially severe impacts is likely to be the retreat, and in some cases, disap-
pearance of many alpine glaciers throughout the world. Indeed, Oerlemans (1994)
suggests, on the basis of an analysis of alpine glacier changesthroughout the world
during the last hundred years, that the global surface temperature change during
thistime is about 0.66°C, avalue that is on the high side of estimates made from
instrumental records of surface temperature around the world (IPCC, 1992, 1996).

The matter of differential temperature trends as a function of height also has
important ecol ogical implicationswith regard to ecotonal changeswhich may result
from any future global warming (Barry, 1990; Schneider, 1990; Beniston, 1994;
Beniston and Fox, 1996). As Schneider (1990) pointed out, even relatively small
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global temperature changes could have major habitat implications for animal and
plant species living in upper mountain environments. Furthermore, recent work
with tropical glaciers and ice caps (Hastenrath and Kruss, 1992; Schubert, 1992;
Thompson et al., 1992, 1995) demonstrate a significant impact of warmer (and
probably more humid) conditionsin the high elevation regions of Asia, Africaand
South America, where these tropical systems are located.

Recent experiments with high-resolution GCMs, supported by some observa-
tional data suggest that there may be appreciable differencesin the vertical distri-
bution of temperature below 500 mb in association with projected global climate
change (Graham, 1995; Diaz and Graham, 1996; Vinnikov et al., 1996; Tett et
a., 1996). In the lower latitudes, recent work suggest that a water vapor feedback
may significantly amplify the direct radiative effects of increasing atmospheric
greenhouse-gas concentrations (Flohn et al., 1992; Graham, 1995; Diaz and Gra-
ham, 1996).

Theavailability of long-term temperature recordsat anumber of isolated moun-
tain sites, particularly in Europe, allows usto evaluate the spatial pattern of surface
temperature changes over approximately the last century in selected extratropical
areas (see Stekl and Podzimek, 1993; Weber et al., 1994, 1997; Beniston et al.,
1994, 1997; Dessens and Buicher, 1995). These studies have shown that temper-
atures at these high-elevation mountain stations have risen by 1-2°C in the last
century, with the minimum temperature rising faster than the daytime maximum
temperature.

This paper partly addresses itself to the question of elevational differencesin
long-term temperature trends, using all high-elevation station records available
to us. We have compared the temperature trends for different latitudinal bands
as a function of station atitude. We regionalize the results for different climate
regimes, such asfor subtropical regionswhich display relatively high vertical lapse
rates of temperature, and for tropical regions where, in general, high mean annual
rainfall results in smaller values of the temperature lapse rate. Station temperature
trends were binned by latitudinal bands and elevation zones. In addition to the
set of mountain-top observatory records, which are found mainly in Europe, we
have supplemented these data with records from rural stations with high ground
elevations in Asia and North America; the combined record set will be referred
heceforth asthe HIGH dataset. This observed pattern of temperature changesfrom
surface stations is evaluated in the context of recent studies showing that tropical
seasurfacetemperature (SST) changeshave astrong influence on mid-tropospheric
temperature variations on interannual-to-decadal time scales (Diaz and Graham,
1996).

Some results obtained from a couple of GCM experiments with transient and
doubled-CO, climate simulations, and some experiments focused on the model
atmosphere’s response to changes in observed sea surface temperature (SST) are
used to interpret the changes in surface temperature during the past few decades
(Cubasch et al., 1992; Graham, 1995; Vinnikov et a., 1996).
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2. Data Sources

A number of data sourceswere used; the individual high-elevation sites — whether
from a mountain observatory or from (largely) rural high-elevation sites — are
listed in Table I, and the sources given at the end of the table. In severa of the
high altitude observatory sites, other types of scientific observations, in addition
to meteorological ones, have been carried out by trained observers (see Barry,
1992, Tablel.2, for alisting of principal mountain observatories and for additional
reference material). The locations of the individual high atitude stations used
in this study are given in Figure 1. For comparison, we have also included four
high-elevation stationsin South Americathat lie near or to the north of the equator
(Tablel). Oneadditional piece of background information hasbeen addedin Tablel,
namely, an appraisal of the general topographic setting at the site of the observing
station. Seven general terrain categories are listed at the bottom of the table. These
were determined by plotting the station on a map using a 5-min (high-resolution)
topography data set, and from visual inspection of a regional map using a large-
format atlas. The aspect categories are meant to serve as a general guide only, as
the actual exposure of some of the stations were not accurately known.

The station data were also composited into 12 regional indices, as illustrated
in Figure 1. Table Il gives some basic information for each region; except for
Region 12, one of two Asian regions, theintersite correlation is quite high, so that,
in general, a relatively small sample of sites is capable of calibrating significant
amountsof thevariance of thefull network. The mean correl ation coefficient among
the pairs of stations in each regional grouping is given in Table Il as a measure
of the degree to which fewer than the full complement of sites for that region can
reproduce each corresponding regional index (Wigley et a., 1984). Mean annual
temperaturesfor many of the European HIGH stations aretypically below freezing.
The North American sites are generally somewhat warmer, although the average
temperature of the coldest month for the Canadian sites is typicaly lower than
those for the other regions. Many data sources were used, but most of the data have
been collected into one global data set known as the Global Historical Climate
Network (GHCN, see Vose et al., 1992).

3. AnalysisResults
3.1. REGIONAL TEMPERATURE CHANGES

3.1.1. North American Stes

A total of 18 Canadian stations have been used, 16 of which are located in west-
ern Canada. Thirty-six stations were selected in the western United States plus
the Mount Washington Observatory record in New Hampshire. We have plotted
and manually analyzed the annual average temperature profile along meridion-
a transects for western North America, central and eastern Europe, in order to
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Tablel
List of stations used in this study
WMO# Elev. (m) Station name Country Lat. Long. Period of  Aspect
record code
SCANDINAVIA
11655 638 DOMBAS Norway!  62.0°N 91°E 1864-1976 6
12380 974 FOKSTUA Norway!  62.1°N 9.2°E 1923-1989 6
12572 995 HAUGASTOL Norway!  60.3° N 75°E 1884-1976 5
12880 628 ROROS Norway! 624°N 11.2°E 1871-1989 3
13197 1828 GAUSTATOPPEN Norway!  59.9°N 87°E 1934-1974 4
15523 2062 FANARAKEN?2 Norway!  61.5°N 70°E 1932-1978 1
EUROPE
66000 2095 ST. GOTTHARD Switzer?  46.4° N 86°E 1864-1960 5
66800 2496 SANTIS?®D Switzer3 47.3° N 9.3°E 1883-1995 1
67190 2460 GRAND ST BERNARD Switzer>3 45.9°N 72°E 1818-1985 4
67300 3572 JUNGFRAUJOCH? Switzer®  46.6°N 80°E 1933-1994 1
73001 1452 LEPUY DE DOME France® 45.8° N 29°E 1950-1982 4
75600 1567 MONT AIGOUAL France* 44.1° N 34°E 1949-1988 3
76001 2860 PIC DU MIDI? France® 42.9°N 0.1°E 1882-1984 1
76499 1912 MONT VENTOUX France® 44.1° N 52°E 1949-1968 4
81820 1708 MONTSENY Spaint® 41.8°N 25°E 19411987 3
82150 1888 NAVACERRADA Spaint® 40.8° N 4.0°W 1941-1989 3
95780 1213 FICHTELBERG? Germany® 504°N  13.0°E 1891-1980 1
109610 2962 ZUGSPITZE® D Germany® 47.4°N  11.0°E 1951-1995 1
109620 983 HOHENPEISSENBERGP Germany® 47.8°N  11.0°E 1781-1990 3
111460 3107 SONNBLICK® b Austria® 471°N 13.0°E 1887-199%5 4
113995 2044 OBIR Austriad 46.5°N 145°E 1851-1944 4
119160 2008 CHOPOK Slovekia®® 48.9°N  196°E 1956-1989 3
119300 2635 LOMNICKY STIT2 Slovakia®® 49.2°N  20.2°E 1941-1989 1
150520 1536 RARAU Romania® 475°N 255°E 19511989 4
151451 1384 BAISOARA Romania® 465°N 234°E 1951-1989 6
152601 1454 PALTINIS Romania® 457°N 235°E 1948-1989 6
152800 2507 VIRFUL OMU?2 Romania® 455°N 255°E 1941-1989 1
156130 2286 CHERNI VRAH2 Bulgaria’ 426°N 23.3°E 1936-1988 1
156150 2925 MUSALA® Bulgaria’ 42.1°N 234°E 1933-1988 1
156270 2376 BOTEV Bulgaria’ 42.7°N 249°E 1946-1988 2
600100 2367 MT IZANA2 CANARY IS Spaint® 283°N 16.5°W 1916-1989 1
CENTRAL ASIA
305540 1310 BOGDARINP Russia® 545°N 1131°E 1938-1995 3
369740 2049 NARY NP Russia® 414°N 76.0°E 1886-1990 3
415730 2168 MURREEP Pakistan® 33.9°N  734°E 1947-1971 3
421470 2311 MUKTESWAR, KUMAUN India® 295°N 79.7°E 1897-1995 5
422950 2128 DARJEELINGP India® 271°N 883°E 1848-1978 5
435440 3514 LEH KASHMIR®P India® 342°N 77.7°E 1882-1968 3
528360 3191 DULAN (TULAN)? China® 36.3°N  980°E 1940-1995 5
555910 3685 LHASAP China® 29.7°N  91.1°E 1935-1988 6
561370 3241 QAMDO (CHAMDO)? China® 311°N  96.9°E 1951-1995 6
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Table|
(Continued)
WMO# Elev. (m) Station name Country Lat. Long. Period of  Aspect
record code
377810 3227 ARAGATS FSUM  405°N 442°E 1930-1990 3
371280 2583 BERMAMYT FSU  437°N 424°E 1934-1987 3
374610 2600 KARA-TYUREK Russiall 50.0°N 864°E 19391990 5
373340 3653 KAZBEGI FSUM  427°N  445°E 1934-1990 6
373160 2854 MAMISONSKIY FSUl  437°N 43.8°E 1934-1990 5
374610 2923 SULAK FSUM  424°N  46.3°E 1930-1990 3
387480 2782 ALTYN-MAZAR FSUM  392°N 722°E 1932-1990 5
387190 3373 ANZOBSKIY FSU  391°N 68.9°E 1940-1990 3
387340 2564 DEHAUZ FSUM  395°N 70.2°E 1929-1990 3
389560 3410 DZHAUSHANGOZ FSUM  37.4°N 725°E 1934-1990 3
388690 3290 IRKHT FSUl  382°N 726°E 1940-1990 5
388750 3930 KARAKUL FSUM  39.0°N 73.6°E 1933-1990 4
388780 3576 MURGAB FSU  382°N 740°E 18941990 6
388710 3207 SARY-TASH FSU  397°N 73.3°E 1933-1990 6
387150 3143 SASHRISTANSKIY FSUM  396°N 686°E 19341990 6
369820 3672 TYAN-SHAN FSUM  419°N 782°E 1930-1990 4
388620 4169 LEDNIK FEDCHENKO FSU!  388°N 722°E 1933-1989 3

NORTH AMERICA

710056 670 ATLIN Canada® 59.6°N 133.7° W 1899-1989 3
711220 1397 BANFF? Canada® 51.2°N 115.6°W 1888-1990 6
712016 750 ANEROID Canada® 49.7°N 107.3° W 1916-1989 7
712296 696 GRAVELBOURG Canada® 49.9°N  106.6° W 1921-1989 7
712408 1064 LINTONEL Canada® 49.7°N 108.9°W 1910-1989 3
712492 1034 OoLDS Canada® 51.8°N 114.1°W 1914-1989 3
713140 1352 CARWAY Canada® 49.0°N 1134°W 19141989 3
713324 1212 HIGH RIVER Canada® 50.5° N 114.2°W 1902-1989 3
715060 1278 BEAVER MINES Canada® 49.5°N 114.2°W 19351989 3
715352 1055 JASPER Canada® 52.9°N 1181°W 1926-1990 6
715360 1383 KANANASKIS Canada® 51.0°N 115.0°W 1939-1989 6
715512 1431 PEKISKO Canada® 50.4°N 114.4°W 19051989 3
718260 537 NITCHEQUON®P Canada® 53.2°N  70.9°W 1942-1988 5
718288 329 GRAND LAKE Victorid® Canada® 47.8°N  77.4°W 19391980 3
718897 868 WISTARIA Canada® 53.8°N 126.2° W 1926-1989 5
718967 1274 BARKERVILLEP Canada® 53.0°N 121.6°W 1888-1989 3
719442 732 BEAVERLODGEP Canada® 55.2°N 119.4°W 1913-1989 6
719530 685 WATSON LAKEP Canada® 60.1°N 128.8°W 1938-1990 6
722684 2691 CLOUDCROFT, NMP USA®  330°N 105.8°W 1901-1970 5
722687 2068 MESCALERO, NMP USA3  332°N 105.8°W 1911-1978 5
722699 2149 LUNAR. S, NMP USA®  338°N 108.9°W 1903-1989 5
723604 2475 TRESPIEDRAS,NMP  USA3  367°N 106.0°W 1905-1989 5
723605 2645 RED RIVER, NM USA®  367°N 1054°W 1906-1989 5
723607 2484 WOLF CANYON, NMP USA3  36.0°N 106.8°W 1912-1989 3
723654 2134 FORT WINGATE, NMP  USA®  355°N 108.5°W 1897-1966 5
723657 2031 CORONA, NMP USAS 34.3°N 105.6°W 1912-1980 5
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Table|
(Continued)
WMO# Elev. (m) Station name Country Lat. Long. Period of  Aspect
record code
723656 2393 CHAMA, NM USA3 36.9°N 106.6°W 1889-1989 6
723661 2067 MT PARK, NM USAS 33.0°N 105.8°W 19151989 3
723664 2259 LOSALAMOS, NM USA3 35.9°N 106.3°W 1919-1989 3
723665 1993 MAGDALENA, NMP USA3 341°N 107.2°W 1906-1989 5
723666 1987 MOUNTAINAIR, NMP USAS 345°N 106.3°W 1902-1980 5
723702 2239 FORT VALLEY, AZP USA3 353°N 111.7°W 1909-1989 5
723745 2152 SPRINGERVILLE, AZP USA3 341°N 109.3°W 1911-1989 5
723780 2118 GR CANYON, AZP USAS 36.1°N 112.1°W 1903-1980 5
723651 2842 SILVERTON, CO Usa3 37.8°N 107.7°W 1904-1989 6
724682 2096 CHEESMAN, COP USA3 39.2°N 105.3°W 1902-1989 3
724761 2699 CRESTED BUTTE, COP USAS 389°N 107.0°W 1910-1989 5
724696 3062 LEADVILLE, CO USAS 39.2°N 106.3°W 1908-1979 4
725703 2609 FRASER, CO UsA3 40.0°N 105.8°W 1910-1970 6
729995 3244 W. CREEK PASS, CO USAS 375°N 106.8°W 1958-1989 4
729996 3018 NIWOT R. (C1), CO USA? 40.0°N 1055°W 1951-1989 4
729997 3743 NIWOT R. (D1), CO USA?® 401°N 105.6°W 1951-1989 4
729998 3448 BERTHOUD PASS, CO USAS 39.8°N 105.8°W 1963-1985 4
724701 1840 BLANDING, UTP Usa3 37.6°N 1095°W 1904-1989 3
724801 2146 ALTON, UTP USA3 374°N 1125°W 1915-1989 5
724882 2013 AUSTIN, NVP USAS 395°N 117.1°W 1888-1989 3
725643 2757 FOXPARK, WYP USAS 411°N 106.1°W 1909-1970 3
725645 2070 SARATOGA, WY UsA3 415°N 106.8°W 1889-1989 5
725692 2252 ENCAMPMENT, WY USA3 41.2°N 106.6°W 1909-1989 5
725762 1807 PATHFINDER DAM, WYP  USA3 425°N 106.8°W 1906-1989 3
726130 1905 MT WASHINGTON, NH Usa3 443°N  71.3°W 1933-1990 1
726702 2108 DUBOIS, WY USA3 435°N 109.6° W 1907-1989 3
726704 2069 MORAN, WYP Usa3 438°N 110.6°W 1911-1989 6
726773 1899 YELLOWSTONE PK, WYP  USA3 450°N 110.7° W 1886-1989 5
726777 1978 HEBGEN DAM, MT® USA3 449°N 111.3°W 19131989 3
SOUTH AMERICA

803930 1495 EL LIBANQP Colombia® 49°N 75.1°W 1951-1970 6
804001 1042 CAR./CAGIGAL OBSP Venezuela® 10.5°N  66.9°W 18911989 1
804380 1479 MERIDAP Venezuela® 8.6°N  712°W 1915-1995 3
840710 2818 QUITO/M. SUCREP Ecuador® 02°S 785°W 18911990 3
Abbreviation codes

@ High elevation station used to construct Mountain Observatory temperature indices.

b Station is part of the set used to construct the gridded surface temperature data (see Jones et al., 1986).

¢ Index numbers are either official WMO station identifyer, or were assigned by usin WMO format for database
management purposes. The latter station ids are therefore not part of the WMO station index catalogue.

Data sources

1. Det Norske Meteorologiske Institutt. Courtesy of Froude Stardahl, University of Oslo.

2. Swiss Meteorological Centre, Zurich.

3. U.S. Department of Energy and National Oceanic and AtmosphericAdministration (NOAA) data archives.

4. Direction de la Meteorologie Nationale, Paris.

5. Slovak HydroMeteorological Institute. Courtesy of M. Lapin, Department of Applied Climatology, SHMU.
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Tablel
(Continued)

6. Institul de Metorologie si Hydrologie Bucuresti. Courtesy of Dr. Jon Dragich.
7. Ingtitute of Hydrology & Meteorology, Sofia, Bulgaria. Courtesy of Dr. L.N. Kristev.
8. Colorado State Climatologist, Colorado State University, Fort Collins.
9. Institute of Arctic and Alpine Research, University of Colorado, Boulder.

10. Data obtained through the courtesy of Prof. Inocencio Font Tullot.

11. Data obtained through the courtesy of Pasha Groisman.

Aspect codes

1. Mountain observatory

2. Mountain top

3. Mountain slope

4. Ridge zone

5. High plateau

6. High valley

7. High plains

Figure 1. Location of stations used in this study. Data were composited into 12 regions, whose mean
coordinates are plotted as open circles. The region name and humber are as shown in Table .
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Tablell
Names of regions shown in Figure 1 and other particulars
Name Mean Mean Mean Mean N
latitude longitude elevation R stations
Region1  Canadian Rockies 523°N 117.0°W 1055m 083 16

Region 2 United States Rockies 380°N 107.8°W 2377m 0.58 36
Region3  Eastern North America  48.4° N 73.2°W 1147 m 0.78 3
Region4  Northern South America  6.0° N 729°W 1709 m 0.61 4

Region5  Scandinavia 61.4°N 88°E 1188 m 0.90 6
Region6  Western European Peaks  49.6° N 6.1°E 2748m 0.62 4
Region7  Europe 45.3° N 13.1°E  2143m 047 24

Region8  Central European Peaks  46.5° N 142°E  2480m 0.80 4
Region9  Eastern European Peaks  43.4° N 241°E 2573 m 0.90 3

Region 10  Caucasus Mountains 426°N  442°E 3048m  0.86 5
Region11 Asal 40.0° N 736°E 3310m 0.67 12
Region12 Asall 35.3°N 88.3°E 2622m 0.21 9

demonstrate that this network of high-elevation stations closely approximates the
mean temperature surfaces of the free atmosphere. This also helped usto get some
idea regarding the climatic representativeness of the individual stations.

The meridional gradient of annual mean temperature as a function of station
height along the U.S. and Canadian Rockies is illustrated in Figure 2. The U.S.
portion of the Rocky Mountain chain (top panel of Figure 2) displays a relatively
steep vertical temperature lapse rate compared to the Canadian Rockies (Figure 2,
bottom panel), but somewhat smaller mean meridional temperature gradients com-
pared to the Canadian sector. Note that the U.S. stations also have much higher
ground elevations than those in Canada.

At 40°N, the vertical lapse rate of temperature is approximately 6.3°C/km
(Figure 2), close to the standard atmospheric value of 6.5°C/km, and the annual
average freezing level is found around 3200 m above sea level. In the Colorado
Rockies this is not far from the location of the upper tree-line, which is found
closer to 3500 m a.s.l. (Barry, 1992). At 52°N, the average freezing level is found
near 1500 m, and the temperature lapse rate is just under 4 °C/km (Figure 2). One
reason contributing to therelatively small vertical |apserateinthisregion of western
Canada, is that, for a substantial part of the year, temperature inversions develop
in the atmospheric boundary layer (a few hundred meters above the ground),
resulting in the more isothermal mean structure shown here (Barry and Chorley,
1992, pp. 50-51).

For a seasonal comparison, Figure 3 displays mean summer (June-August)
temperature profiles for the entire Rocky Mountain region anlysed here. At 40° N,
mean summer temperature near the 3200 m level is about 10°C, and this value
is also consistent with the nearby position of the upper tree-line. The lapse rates
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Figure 2. Annual mean temperature profiles (ground elevation versus latitude) for the U.S. (top
panel) and Canadian Rockies (bottom) regions. Values were plotted at the location of the black dots
and hand-analyzed. Countours are in Celsius degrees at one-degree intervals.
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US and Canadian Rockies - Summer Temperatures
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Figure3. Sameasin Figure 2, but for the summer season. Both U.S. and Canadian stations are shown
together.

are only dlightly higher in summer than for the year as a whole (about 6.4 °C/km
at 40° N and 4.2°C/km at 52° N), which is somewhat surprising, considering the
stronger vertical mixing and convective activity that occurs at thistime. The reader
is referred to Barry and Chorley (1992) and Hastenrath (1968) for discussions of
regional and seasonal variations of vertical temperature lapse rate and other related
topics.

Time series of annual mean temperature anomalies for both the Canadian and
U.S. Rockies regions are depicted in Figure 4. We have also plotted mean June—
August temperature anomalies for each region used in this study, as this comprises
the bulk of the ablation season, and wewished to seeif the seasonal changedeparted
substantially from that of the annual mean. However, unless a significant seasonal
differenceis present, we only show here the figures for the annual time series. The
Canadian Rockies data set covers the period 1888—1990, has a maximum of 16
stations, a mean station elevation of 1055 m, and a mean intersite correlation (for
annual mean temperature) of » = 0.83. The mean correlation coefficient among the
set of constituent stations or sitesin a series ensemble can be used to give ameasure
of the signal strength or variance retained by subsamples of the the full series set
(see Wigley et al., 1984). It isincluded in Table Il for comparison purposes. The
U.S. Rockiesindex has amaximum of 36 stations, amean €l evation of 2377 m, and
a mean intersite correlation of » = 0.58. For ease of comparison, the data values
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Figure 4. Time series of annual mean temperature anomalies (referenced to the period 1951-1970)
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are all plotted on the same standardized unit scale (referenced to the 1951-1970
period), ontheright axis, aswell in dimensional unitsontheleft axis. Considerable
interannual and decadal scale temperature variability is evident in both series. A
cool period early in this century isevident inthe U.S., as are relatively warm years
thereafter, areturn to cooler conditions during the 1960s and 1970s (although cold
yearsare also evident in the Canadian Rockies during the late 1940sto mid-1950s),
and somewhat warmer conditions prevalent since about 1980. In this respect, the
western U.S. regional record resembles that of larger continental and hemispheric
scaleaverages (Diaz and Kiladis, 1995; Diaz and Bradley, 1995; Diaz, 1996). There
is asuggestion that annual temperaturesin Canadain thefirst decade or two of the
available instrumental record were relatively low, but because of the few stations
available, the magnitude of the anomalies may be overstated. Quite cold conditions
are evident in the period around 1950.

Three*high-elevation’ stations comprise the eastern North AmericaHIGH tem-
perature index (two in Canada and one, Mount Washington, NH, in the U.S.A.,
see Figure 1). Although Table Il gives a mean elevation of 924 m, Mt. Washington
is considerably higher than the other two stations, but are combined here because
their mean (intersite) correlation is relatively high (r = 0.78), and because the
two sites represent relatively pristine environments at relatively higher elevations
than the bulk of the stations in the region. The record for eastern North America
isrelatively short (Figure 5), compared to the others, but the warmer period of the
1930s, and the subsequent cooling trend are evident in this figure. For comparison
purposes, a four-station *high-elevation’ index for northern South America (Fig-
ure 1) isgivenin Figure 6. Confidence in the values before the early 1930sis low,
so the index values are only plotted since 1934. In particular, the cool period in
the first three decades of this century (not shown), and subsequent decadal-scale
temperature fluctuations are similar to those of continental areas in the Southern
Hemisphere (Jones et al., 1986), and is also quite similar to the behavior of global
surface temperature indices published in the IPCC (1996) Report.

3.1.2. Europeand Scandinavia

The distribution of European and Scandinavian sites are depicted in Figure 1 and
the particulars for each site and region are given in Tables| and |1. We divided the
continent into four main groupings: West, Central and Eastern European‘ peaks and
‘Scandinavid . We note, however, that for the latter, al the HIGH sites are situated
in Norway. Twenty-four stations were used in Europe with a mean elevation of
2143 m, and mean intersite correlation of » = 0.47. Six Norwegian stations were
used to represent Scandinavia, with a mean elevation of 1188 m and average
correlation of » = 0.9.

Two meridional transects (for eastern and western Europe) of mean annual
temperature for the European continent are presented (Figure 7). In both figuresthe
Scandinavian (Norwegian) stationswere used to provide an anchor tothenorth. The
vertical temperature lapse rate at 50° N derived from the western Europe transect
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Figure5. Asin Figure 4, except for the eastern North America region.

(top panel of Figure 7) is closeto 5.2°C/km, with the height of the 0°C isotherm
located at about 1800 m. For Eastern Europe at this same latitude, the lapserate is
about 5.5°C/km and the average freezing level is near 1700 m.

Anindex of annual mean temperature changesover timefor theHIGH stationsin
Europe (excluding the Scandinavian stations) is shown in Figure 8a. We considered
that changesin summer mean temperature for Europe differed somewhat from that
of the annual mean, and the summer temperature anomaly series is shown in
Figure 8b We note that, although prior to about 1870, the temperature record is
derived from relatively few stations (fewer than five), the suggestion is that both
annual and summer mean temperatures around the mid-1800s were quite similar
to those in the mid-1900s. The last decade or so shows up as significantly warmer
than other such periods in the available instrumental record (see Beniston et al.,
1997). The occurrence of a cold interval that lasted several decades from around
1870 to about 1920 (as in North America) is one reason why the warming trend
for the 20th century tends to be accentuated.
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Northern South America
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Figure 6. Asin Figure 4, except for the northern South Americaregion.

Mean temperature changes in * Scandinavia (Figure 9), are similar to those in
the rest of Europe, only at the longest time scales. The decadal variations do not
alway's coincide with the European regional index (Figure 8); both indices display
relatively little trend since the mid-1930s, and the ‘ Scandinavia index displays
little of the recent warming (see Hurrell and van Loon, 1997). As with most other
indices, much of the instrumental temperature increase takes place before 1940.
There are some differences in the summer temperature record (not shown), which
isgenerally similar in character to that for the rest of Europe.

Table | also identifies the isolated mountain stations that were used to create a
temperature index for western, central and eastern Europe, shownin Figure 10. We
note that most of these records have been analyzed elsewhere (e.g., Beniston et al.,
1994; Dessens and Biicher, 1994; Weber et al., 1997). They are included here only
for completeness. Of particular interest, however, are the temperature indices for
central and eastern Europe (Figure 10, bottom two panels). The easternmost region
does not share in the recent warming evident for the western European mountain
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Figure7. AsinFigure 2, but for western (top panel) and eastern Europe (bottom panel), see Figure 1
and Table Il for location of sites.
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Figure8. AsinFigure 4, except for Europe (minus the Norwegian stations) region; (a) annual mean
temperature anomalies, (b) summer (June-August) anomalies.
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Figure9. Asin Figure 4, except for the ‘ Scandinavia region.

index (Figure 10, top and middle panels). The ‘Central European Peaks series
displays atemperature drop after about 1950, which is particularly pronounced in
the summer temperature series(not shown), and which appearsto usto bean artefact
arising possibly from unknown instrumentation or exposure changes. The region
labelled * Caucasus Mountains' (Figure 11, see Figure 1 for location) also does not
display much of awarming trend in recent decades. Overall, theindications are that
the strongest warming in recent decades at the higher elevations of the European
and North American continent has been experienced principally in western Europe
(but much reduced in the Scandinavian (Norwegian) region).

3.1.3. AsianIndices

Two Asian regions (Figure 12, see Figure 1 for location) are shown. Region 11
(Asial in Table ) is the higher region, and also comprises the highest collection
of sites in our study. The temperature series for both these Asian regions share
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Figure 10. As in Figure 4, except for the three regions labelled ‘Western, Central and Eastern
European Peaks'.
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Figure 11. Asin Figure 4, except for the Caucasus Mt. region.

the same general warming features as the western European sites. The data also
suggest that in areas of eastern Europe and southwest Asia (the region of the
Caucasus Mountains) the warming of recent decadesis muted or largely absent.

3.1.4. Anldland Observatory in the Eastern North Atlantic

Climate observations have been taken at Mt. |zafa, Canary Islands, Spain, since
1916. Because of its unique geographical position, the observatory is located for
most of the year above the northeast trade winds, and above the trade wind temper-
ature inversion layer that caps the well-mixed lower atmosphere in the subtropical
eastern North Atlantic Ocean. Figure 13, illustrates the annual temperature changes
at Mt. |zaha, together with changes in sea surface temperature (SST) in an area
approximately 15° x 15° surrounding theislands. The SST dataarefrom the GOS-
TA (Bottomley et al., 1990) compilation through 1949, and from the COADS data
set (Woodruff et al., 1987) thereafter.
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Figure 13. Time series of annual mean temperature anomalies for Mt. |1zafa, Canary Islands, Spain
(top graph, 1916-1989) and sea surface temperature (SST) anomaliesin the surrounding region. SST
values end in 1995.

The correlation between the two curvesin Figure 13 isr = 0.33 for the non-
detrended seriesand r = 0.25 for the detrended series (significant at the 5% level);
the net warming from 1916-1989is0.74 °C for the observatory record, and 0.28°C
for the ocean surface temperature series. Hence, at the Mt. I1zafia Observatory, at an
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atitude of 2367 m above sealevel, an additional warming of about 0.5°C has been
recorded, which presumably isrelated mainly to changesin atmospheric circulation
and cloudiness at the site. The suggestion of an ampilification of recent temperature
changes with elevation is explored further below.

3.2. TEMPERATURE CHANGES AS A FUNCTION OF HEIGHT

Most of the available station data used in this study are located in the Northern
Hemisphere extratropics. We have taken all the available station temperature data,
plus an additional set of time series of annual mean minimum and maximum tem-
peratures and calculated the temperature changes over the station period of record
(arough idea of the numbers of station available in time can be gleaned from the
regional indices discussed above). Figure 14 gives the distribution of the linear
trends (19511989 period) for the mean maximum and minimum temperature as
a function of discrete elevational zones in the latitudinal range 30° N to 70° N.
Although the number of stations declinesrapidly above 500 min station elevation,
the suggestion is that at least with regard to minimum temperature (Figure 14,
bottom panel), the changes with height are equal to or greater than those near the
surface. Table Il summarizesthe differencesin maximum and minimum tempera-
ture trends with elevation for the Northern Hemisphere extratropical belt. Changes
in mean maximum temperature (Figure 14, top panel) are more subdued throughout
the elevational ranges shown here. In fact, there is a clear tendency for maximum
temperature trends to be smaller above about 2000 m compared to those at lower
elevations. A similar plot donefor the global land areas shows essentially the same
story (not shown). This difference between changesin the maximum and minimum
temperature over time for a number of large regional series has been reported on
by Karl et al. (1993).

Nevertheless, significant regional differencesdo show up. Some of theseregion-
a differences have been documented by Barry (1990) for mountainous areas in
Europe and the United States.

4. Summary and Discussion

The analysis of surface temperature changes presented here is focused mainly on
high-elevation areas of the Northern Hemisphere extratropics. A recent study by
Diaz and Graham (1996), which focused attention on decadal changesin tempera-
tureof tropical regions (specifically, changesintropical freezing heights) concluded
that rising tropical sea surface temperatures since the 1970s have resulted in aver-
age upward displacement of freezing heights on the order of 100 m (atemperature
increase of approximately 0.5°C) over about a 20-year period. Those results, as
well as the ones documented here, and in some of the other papers appearing in
this specia volume of Climatic Change suggest that one could expect to encounter
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Figure 14. Distribution of linear trends (in ° C/decade) in mean maximum (top graph) and minimum
temperature for the period 1951-1989 for stations located in different elevational ranges in the
latitudina band 30° N—70° N. Graphs are known as ‘box and whisker diagrams’, where the central
box denotes the central 50% of values. Also shown are the median value, 95th percentile val ues (outer
fences) and individual values exceeding thislimit, but below the 99% (asterisks) and beyond the 99%
(open circles) levels.
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Tablelll
Student’st value and significance level for differencesin linear trends of annual mean
maximum and minimum temperature for stations in the different elevational zones
illustrated in Figure 14 for the region 30° N to 70° N. Station elevation in meters,
t-values are differences in mean linear trends from the indicated level minus the
corresponding surface value, with one and two asterisks denoting t-val ues statistically
different from zero at the 5% and 1% level, respectively

Station elev.  Stationelev.  1000-1500 1500-2000 2000-2500 >2500

500-1000

Maximum temperature
0-500 10.8** 57" 18 -1.3 -0.56
500-1000 -0.9 -1.8 3.7 -1.9*
1000-1500 -1.7 -3.2** -16
1500-2000 24" -11
20002500 0.2

Minimum temperature
0-500 9.2** 3.8 22 2.7 17
500-1000 -1.8 -0.9 0.1 0.1
1000-1500 0.1 11 0.8
1500-2000 0.8 0.8
2000-2500 0.1

considerable regional differences in temperature trends, both spatially, and with
respect to elevation in the middle latitudes. On the other hand, changes in the
tropics may exhibit broader spatial coherence in both the horizontal and vertical
dimensions.

We have examined atmospheric temperature differences between a control run
and adoubled CO, experiment with the Max Planck Institute coupled GCM* (see,
e.g., Cubasch et al., 1992), sampling at gridpoints corresponding to land locations
around the tropics where we had station temperature data at different elevations.
The results (not shown) indicate changes in vertical lapse rate of approximately
0.1°C/km, such that mean temperatures at about 5-6 km, where modern tropical
freezing surfacesare found, would warm by about 0.5-0.6°C relativeto the surface
(i.e., by an additional half-degree beyond the surface warming caused by the CO,-
doubling). Theresultsof asimilar study usingthe NOAA/GFDL GCM by Vinnikov
et a. (1996) show enhancementsof the surface warming signal of 20-25% at about
5 km, roughly consistent with the changesin the MPI model. Observed changesin
temperature, based on the radiosonde record compiled by Oort and Liu (1993) and
summarized in Vinnikov et al. (1996) show tropical amplification of changesin

* The experiment was performed with the ECHAM3 T106 version of the MPI model (horizontal
resolution of about 125 km). We wish to thank Martin Wild of the Swiss Federa Ingtitute of
Technology (ETH) in Zurich for providing us with the model data.
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surface temperature at about 5 km over the past few decades on the order of 0.5°C
(seealso Tett et al., 1996).

Regardless of the degree to which these high-elevation records reflect natural
climatic variability of the climate system or a host of other forcing agents, whether
natural or anthropogenic, the fact remains that invaluable climate records have
been compiled at a number of mountain sites throughout the world. A few of
these records are a century or more in length. These long-term measurements are
in some of the most pristine environments on earth, far from human influences.
They thus represent a unique resource of background climate monitoring sites,
often geographically close to urbanized aress, yet far above the disturbed lower
tropospheric boundary layer. In spite of these attributes, the weather observing
programs at some of these mountain observatories have terminated in recent years.
We feel such actions are short-sighted and should be carefully reconsidered. We
hopethat this special issue of Climatic Change servesto highlight the closurethreat
faced by a number of these unique weather observing stations.
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