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Eighty years of spatially coherent Austrian lake surface temperatures and their
relationship to regional air temperature and the North Atlantic Oscillation

Abstract—Eighty years of monthly mean lake surface tem-  heat balance of a lake depend essentially on only four me-
perature (LST) data from eight lakes in the northern perialpine teorological variables; viz. cloud cover, water vapor pres-
area of Austria show a high degree of coherence among lakes sure, wind speed, and air temperature (Edinger et al. 1968;
in all selas_ons and reflect much of the temporal structure of the g\yaerg 1976). Of these, air temperature is of greatest inter-
regiona _alr te_mperature. Cohergnce IS. least |n_W|nter because est, in view of its importance in the current climate Change
of @he dlst(_)rtlng effect of varying perlods_ of ice cover. In deb Nicholl | 1996) LST d call
spring, regional coherence in meteorological driving forces ebate (e.g., 1 ICNOIIS et al. )- .ten s asymptotically
that are essentially uncorrelated with air temperature (e.g., toward an equilibrium temperature (Edinger et al. 1968) that
geostrophic wind speed) contribute to the coherence in LST, ¢an be close to the ambient air temperature (Arai 1981) but
presumably by partially determining the timing of the onset can also deviate strongly from this because of radiative heat
of stratification. In summer, spatial coherence in LST appears exchange and wind mixing (Dingman 1972; Arai 1981).
to be related directly (via the radiation balance) and/or indi- However, despite the apparent weakness of the direct causal
rectly (via air temperature) to large-scale variations in high- connection, air and surface water temperature are often high-
altitude cloud' cover. Correlations of th(=T Austr_ian_ LSTs with ly correlated on both short and long timescales (McCombie
B e e e o e Cecator (VQ),  1950; Shuter et al 1983; Livingsione and Loter 1993; Liv-
temperatures in northern and western Europe‘, suggest that ingstone .6t al. 1999). Long-term comparisons of LST W't.h
from autumn to spring, spatial coherence of LST in central surface air temperature are ther_efore of interest to determine
Europe is related to the dominance of the weather by large- 10 What extent general conclusions that have already been
scale climatic processes occurring over the North Atlantic, drawn with respect to the manifestations of global and re-
whereas in summer the processes responsible are more re-gional climate change on air temperature (Nicholls et al.
gional in nature. The influence of the NAO on LST is greatest 1996) may also be applicable to LST.
in low-lying lakes in which periods of ice cover are infrequent Surface air temperatures in Europe are highly correlated
and short. over distances corresponding to synoptic-scale meteorolog-

ical processes~1,000 km), especially in winter and spring
(Table 1). Taken in conjunction with the fact that the LSTs
Lake surface temperature (LST) is one of the most im-of individual lakes are usually highly correlated with air tem-
portant physical parameters of any lacustrine system. On thgerature locally (e.g., Livingstone and Lotter 1998), this sug-
one hand, it reflects meteorological forcing more immedi-gests that LSTs may also be correlated over similarly large
ately and more sensitively than any other lake parameter; oglistances. Various studies have shown LSTs to be correlated
the other hand, it is strongly related to the mean temperaturen a much smaller scale—e.g., several tens of km within
of the photosynthetically productive zone and thus plays andividual lake districts (Magnuson et al. 1990; Benson et
major role in lake biology. Because many cellular processeal. 2000; George et al. 2000)—but work by Benson et al.
are temperature dependent, epilimnetic temperature condi2000) suggests that the spatial scales involved may indeed
tions are important not only for individual pelagic and lit- be much greater than this. The question of the geographical
toral organisms but for entire aquatic ecosystems (e.g., Rextent of the correlation between LSTs is essentially one of
gier et al. 1990; Arnell et al. 1996 and references therein)whether the LST of a given lake can be profitably considered
LST is comparatively easy to measure (traditionally severaas the local manifestation of a spatially coherent synoptic-
cm below the lake surface). Accordingly, existing time seriesscale response to synoptic-scale meteorological processes, as
of LST tend to extend further back in time than those ofopposed to an isolated local phenomenon. This question is
most other lake parameters and thus comprise a valuabtd particular interest in view of the fact that air temperatures
source of data for studying the effects of climatic forcing onover large regions of the Northern Hemisphere, including
lakes on long timescales. most of Europe, appear to be determined to a large degree
The five main heat-exchange processes that determine thy climatological processes occurring over the North Atlan-
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Table 1. Pairwise coefficients of determinatiaf, (n %) (top) between air temperatures measured at Basle, Munich, and Vienna and
(bottom) between the mean air temperature at these stations (BMV) and air temperatures measured at four other stations in Europe.
calculations are based on linearly detrended time series from 1911-1990. The distances given in the bottom section are to the Mun
station. The only value af? not significant at thd® < 0.01 level (i.e.r2 < 8.2%) is given in italics. See Fig. 1 for meteorological station
locations. Data sources: Basle, Swiss Meteorological Institute; De Bilt, Dutch Meteorological Institute; Stockholm, Moberg anthBergstro
(1997); Central England, Manley (1974) and Parker et al. (1992); Munich, Vienna, and Berlin, Global Historical Climatology Network (see
Vose et al. 1992).

Winter (DJF)  Spring (MAM)  Summer (JJA) Autumn (SON) Annual

Station pair mean mean mean mean mean
Basle & Munich (300 km) 92 88 84 90 87
Munich & Vienna (350 km) 86 79 74 85 78
Basle & Vienna (660 km) 77 57 56 80 70
BMV & Berlin (500 km) 79 79 39 75 73
BMV & De Bilt (630 km) 84 69 44 60 69
BMV & Central England (1,080 km) 64 32 26 22 48
BMV & Stockholm (1,310 km) 32 42 5 33 43

tic, specifically those associated with the North Atlantic Os-during milder winters. If they freeze, they usually do so in
cillation (NAO) in winter (e.g., Walker and Bliss 1932; Hur- January and thaw during March (Eckel 1955), so the pres-
rell 1995, 1996; Hurrell and van Loon 1997). Recent workence of ice cover will directly affect seasonal mean LSTs in
suggests that the breakup of ice on various lakes distributadinter (DJF), and also to a lesser extent in spring (MAM).
around the Northern Hemisphere is related to the NAO (Liv-The occurrence and duration of ice-cover events depends to
ingstone 1999, in press). In view of this, it can be hypoth-a large extent on lake elevation in the eastern Alps in general
esized that, during at least part of the year, LSTs are likelfEckel 1955) and in the eight lakes of this study in particular
to be subjected to a similar NAO influence. Testing this hy{Table 2). The effect of ice cover on the LST time series can
pothesis credibly, however, requires at least several decaddserefore be assumed to be least in the case of Bodensee

of LST measurements. (396 m above sea level [a.s.l.]) and greatest in the case of
Zeller See (750 m a.s.l.).
Study lakes and historical dataln many lakes in Austria, Air temperature measurements covering the period 1911—

surface temperatures (actually near-surface temperaturek990 are available from the meteorological stations of Basle
measured at 50-cm depth) have been registered continuougl16 m a.s.l.) to the west of the lakes, Munich (529 m a.s.l.)
once per day (in the early morning) since the early part ofo the north, and Vienna (203 m a.s.l.) to the east (Fig. 1).
the 20th century. The monthly means of these data have bedine three air temperature series are highly correlated in all
tabulated by the Austrian Hydrographic Office (Hydrogra-seasons (Table 1, top) and thus clearly reflect regional cli-
phisches Btp 1964,b, 1973, 1985, 1994). Here, eight LST mate to a large degree. Livingstone and Lotter (1998) have
series that cover the 80-yr period 1911-1990 without intershown that air temperatures are highly correlated over the
ruption are presented and compared with one another, withntire northern perialpine area of Switzerland, which allows
regional air temperatures, and with Hurrell’s (1995) winterthe use of standard composite mean air temperature series
NAO indices, to estimate the degree of spatial coherence ifor comparison with LSTs in this area. On a slightly larger
LST in the northern perialpine area of central Europe and tscale, the similarity of the Basle, Munich, and Vienna series
determine to what extent LST in the recent past may havalso justifies the use of one composite series to represent
reflected synoptic-scale climatic forcing. Six of the eight per-regional air temperature for comparison with LSTs in Aus-
ialpine lakes providing the LST series (Traunsee, Attersedria. This composite series, henceforth abbreviated “BMV,”
Mondsee, Hallstier See, Wolfgangsee, and Fuschlsee) arevas constructed by taking the arithmetic mean of the air
located in the Salzkammergut region of Austria; the othetemperatures measured at Basle, Munich, and Vienna and
two (Zeller See and Bodensee) lie to the west of these (Figeorrecting this from the mean altitude of the three stations
1). (349 m a.s.l.) to the mean altitude of the eight lakes (525 m
Some relevant physical characteristics of the eight lakea.s.l.) by use of the mean monthly surface air temperature
are listed in Table 2. The most important of these is thdapse rates calculated by Livingstone and Lotter (1998) for
duration of ice cover. Temperatures were measured at thbe north-facing slope of the Alps.
same depth (50 cm) in all lakes, regardless of the presence
or absence of ice cover. Therefore, because ice cover essenRegional coherence of lake surface temperatufes in
tially decouples the water column from atmospheric forcingthe case of the three air temperature time series, the eight
the long-term frequency of occurrence of ice-cover event&é ST time series exhibit a similar temporal structure. The
and their duration will affect the time series of measuredoroportion of variance shared pairwise between each of the
water temperature and their perceived relationship to thedetrended LST series and the mean of the other seven de-
time series of regional air temperature. All eight study lakedrended series in each season is high Table 3, top). With
can freeze over during a severe winter, but not all do sahe exception of Zeller See in winta® is always at least
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O Meteorological stations

® Water bodies
BO: Bodensee HA: Hallstiitter See
TR: Traunsee WO: Wolfgangsee
AT: Attersee FU: Fuschlee
MO: Mondsee ZE: Zeller See

Vienna
[e]

SWITZERLAND

AUSTRIA

Lej da San Murezzan

Fig. 1. Locations of water bodies and meteorological stations mentioned in the text.

30%, which implies a large degree of spatial coherence itakes and is frozen over longest, has a wintevalue of
LST within the region. The? values listed in the top section only 11%. As in the case of air temperature, the high degree
of Table 3 are also a measure of the degree to which eadf correlation among the LST series also justifies construct-
lake can be considered representative of the entire group ing one composite mean series (henceforth denoted
each season. The most representative of the eight lake$vILST”) to represent regional LST for comparison pur-
Traunsee, has? values that range from 60% for winter to poses by taking the arithmetic mean of the eight LST series.
as high as 74% for spring and summer. Meawalues av-

eraged over all lakes are substantially lower for winter than Relationship between lake surface temperatures and re-
for the other seasons (Table 3, top), which implies that spagional air temperature-Again with the exception of Zeller
tial coherence is lowest for winter. This is presumably duesee in winter, in all lakes and in all seasons, LSTs are highly
primarily to the differences in the duration of ice cover ap-correlated with the BMV regional air temperature series (Ta-
parent in Table 2: Bodensee, for instance, which is hardlyle 3, bottom). In all seasons, with respect to general vari-
ever ice-covered, has a wintef value of 55%, whereas apility, short-term trends, and extreme events, series MLST
Zeller See, which lies substantially higher than the othegorresponds closely to series BMV (Fig. 2), which reflects
the fact that the LST series are not only coherent among
themselves but also reflect much of the temporal structure
present in the regional air temperature. Obvious discrepan-
cies between the MLST and BMV series exist only in the
long-term means (because of the lag involved in heating dur-

Table 2. ElevationsKE), surface areasA{), maximum depths
(z,), and mean duration of ice cover events from 1895-19R5) (
of the eight study lakes, listed in order of increasbgSee Fig. 1
for lake locations. Data ok, A, andz, from Sampl et al. (1989);

data onD,, from Eckel (1955). ing spring and summer and cooling during autumn and win-
ter) and in the variance in winter (when LSTs have a lower
E A, Z, Die bound that limits their variance, whereas air temperatures do
Lake (m as.l) (km2) (m) (d) not).
Bodensee 306 476.0 252 0 The proportion of variance shared between the MLST and
Traunsee 422 25.6 191 44 BMV series shows only little seasonal variability, ranging
Attersee 469 45.9 171 40 from 58% to 66% (Fig. 2; Table 3, bottom). Thus, despite
Mondsee 481 14.2 68 59 the fact that LST is less spatially coherent in winter than in
Hallstater See 508 8.6 125 37 the other seasons (Table 3, top), the mean winter LST still
\é\cos"::ghf]‘gggee ggg 1%-573 1ég g? exhibits a strong association with regional air temperature.
Zeller See 250 16 68 93 This implies that regional climate forcing supplies the basic

structure to the LST time series but that local differences
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Table 3. (Top) Pairwise coefficients of determinatio?) (n %)
between the surface temperature of each of the eight study lakes 4 A’\fw\l\\ N \/W"V\/\/\"/\j\‘/:-iﬁc
and the mean surface temperature of the other seven lakes. (Bottom) 2
Pairwise coefficients of determinatiort,(in %) between the surface w L osec
temperatures of the same eight lakes and the mean regional air 0 :
temperature (BMV= mean of measurements at Basle, Munich, and )
Vienna) and between the mean regional lake surface temperature
MLST and BMV. All calculations are based on linearly detrended -4 A Winter: 12 = 64%
time series from 1911 to 1990. The only valuerdhot significant ;
at theP < 0.01 level (i.e.r2 < 8.2%) is given in italics. See Fig.
1 for lake locations. The lakes are listed in order of increasing 12{B
elevation.
10
- - —+9.6°C
Winter Spring Summer Autumn 8 f\/\/\/\\/\/ /\[\/V\ /\/\/\/
(DJF) (MAM) (JJA) (SON) Annual ) MM% \’\j\f | 650
Lake mean mean mean mean mean s 6 [\[\‘ ’
Bodensee 55 43 30 30 36 L 4 Spring: 12 = 58%
Traunsee 60 74 74 66 69 5
Attersee 51 66 62 73 49 s 22
Mondsee 51 67 67 62 62 )
Hallstater See 53 65 55 58 53 E- 20
Wolfgangsee 45 58 59 63 52 3 18 .
Fuschlsee 41 69 54 54 53 = WW % 1680
Zeller See 11 55 48 62 40 16
Meanr? 46 62 56 59 52 14
Bodensee 47 32 37 15 32 C Summer: 12 = 66%
Traunsee 54 49 47 52 49 12
Attersee 41 48 58 58 47
Mondsee 34 42 52 60 37 141D
Hallstitter See 43 38 36 48 41 2 j\/\:_12 o
Wolfgangsee 33 40 44 54 37 ’
Fuschlsee 49 50 35 28 43 10 V\M M\‘ .
Zeller See 6 42 51 42 21 -9-5°C
MLST 64 58 66 66 60 8
6 Autumn: r2 = 66%

between lakes (e.g., differences in ice cover duration) are 1910 1920 1930 1940 1950 1960 1970 1980 1990
important enough in winter to result in strong lake-specific Year
modifications to this basic temporal structure.

In view of predictions that epilimnetic temperatures and_ F19- 2. Seasonal comparison of the mean lake surface temper-
f : . ture of eight Austrian perialpine lakes (MLST, thick solid lines)
the thermal stability of lakes are likely to increase as a resu@,ith the regional mean air temperature (BMV. thin solid lines),

of global warming (Arne]l et al. 1996), linear regressions Of1 11-1990. MLST: arithmetic mean of lake surface temperatures
the seasonal MLST series on calendar year were conductethasured at 50 cm depth in the eight lakes listed in Table 2. BMV:
to determine whether any evidence of long-term warmingyithmetic mean of air temperatures measured at the meteorological
could be found in the Austrian lakes. At tlifre<< 0.05 level,  stations of Basle, Munich, and Vienna, corrected to the mean ele-
the existence of a warming trend could be confirmed onlyation of the eight lakes (525 m a.s.l.) by use of the mean monthly
in the autumn MLST series of Fig. 2D (2@ 100 yr?, with surface air temperature lapse rates of Livingstone and Lotter (1998).
a 95% confidence interval of 0.7°C). This trend is essen- Ther? values shown represent the percentage variance shared be-
tially the same as that found in the autumn BMV air tem-tween series MLST and series BMV for each season (see Table 3,

perature series (1°€ 100 yr?, with a 95% confidence in- bottom). Seasonal means (1911-1990) are listed on the right-hand
terval of +1.0°C) ' ' side of the plots. See Fig. 1 for locations of lakes and meteorolog-

. . . ical stations.
Regional air temperatures are known to influence not only

LST but also the timing of thawing of lakes in Europe (Pa-

lecki and Barry 1986; Ruosteenoja 1986; Livingstone 1997).

Thus the same synoptic-scale climatic signal detected in thethich previous work has shown to be strongly related to
LSTs of relatively low-lying lakes may be present in the April mean air temperatures (Livingstone 1997), was indeed
timing of thawing of high-altitude lakes. This hypothesis wasfound to be significantly® < 0.01) correlated with the April
tested by comparing the Austrian LST time series with themean of the Austrian MLST series, with 20% shared vari-
only time series of the calendar date of breakup of a lake imnce. This suggests that the signature left by regional or
the Alpine region known to cover the entire period 1911-supraregional climate forcing in the LSTs of low-lying lakes
1990, viz. Lej da San Murezzan (1,768 m a.s.l., see Fig. 1)s likely to be paralleled by a similar signature in the timing
The timing of breakup of this lake (usually during May), of breakup of high-altitude lakes.
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Table 4. Pairwise coefficients of determinatiar, (in %) be-  of historical cloud cover data from 1911 to 1990 from the
tween the mean surface temperature of the eight study lakes (seriggt. Sintis observatory (see Stbpp 1963 for the early part
MLST, Fig. 2) and measurements of high-altitude wind speed ang this series). The MLST series is highly negatively cor-
e e Seva o o s Lfated wih the M, Sats loud over seris in summer.is
to 1990. Values of? not significar):t at thé®> < 0.01 level (i.e.r? . ly weakly negatively C(_)rrelated in autumn, and is essen-
8.2%) are given in italics. See Fig. 1 for lake and observatory |0_t|ally _uncorrelated oth_erwlse (Table 4). The .LST.S of each of
cations. the eight lakes taken individually are also significantly neg-
atively correlated with the Mt. ‘Sais cloud cover series in

Winter Spring SummerAutumn summer. Thus, during summer, when solar elevation is great-

(DJF) (MAM) (JJA) (SON) Annual  est and fluctuations in incident solar radiation therefore have

mean mean mean mean mean their greatest effect on LST, modulation of the radiation bal-
Mt. Santis wind speed O 11 4 0 4 ance on a regional scale by high-altitude cloud cover is likely
Mt. Santis cloud cover 4 8 31 10 17 to be an important factor contributing to the spatial coher-
ence of LST. This hypothesis is supported by the fact that
the BMV air temperature series is also highly negatively

Influence of other climatic driving forces on lake surfacecorrelated with the Mt. S#is cloud cover series in summer
temperatures-In spring, when spatial coherence of LST is (r2 = 46%) but not otherwiser{ < 10%). During the other
highest, on average (Table 3, top), correlations with regionadeasons (with the possible exception of early autumn), high-
air temperature are lowest (Table 3, bottom). This suggestsltitude cloud cover is unlikely to contribute to the spatial
that other driving forces that are regionally coherent but areoherence of the LST series, either because it is masked by
uncorrelated with regional air temperature, may be partiallynore spatially heterogeneous low-altitude cloud or because
responsible for the spatial coherence of LST in spring. Windt is insufficiently spatially coherent itself. The effect of
speed, which can critically affect the timing of the onset ofcloud cover on the radiation balance of a lake is to cause a
stratification during spring and therefore the mean springlecrease in incident short-wave solar radiation and a simul-
LST, is one factor that may be important in this context.taneous increase in incident long-wave atmospheric radiation
Although local wind speeds at ground level tend to be spafEdinger et al. 1968). The negative correlation between LST
tially heterogeneous because of the effect of the local terraiand high-altitude cloud cover implies that the effect of the
(Barry 1992), this is much less true of high-altitude windsincrease in atmospheric radiation is outweighed by that of
measured at mountaintop stations, which more faithfully rethe reduction in incident solar radiation.
flect the spatially homogeneous geostrophic wind. Wind
speed measurements from 1911-1990 are available from thelnfluence of the NAG-The NAO, which affects the extent
Mt. Santis meteorological observatory, located at 2,500 nto which warm, moist air is transported from the Atlantic
a.s.l. on a mountaintop 20 km from Bodensee (Fig. 1). Ireastward across Europe, is known to have a significant in-
spring, the mean wind speed at the Mtn8s observatory fluence on air temperatures throughout much of the continent
is uncorrelated with the BMV mean regional air temperaturge.g., Walker and Bliss 1932; Hurrell 1995, 1996; Hurrell
series 2 < 1%). However, it was found to be significantly and van Loon 1997). Because this influence is strongest dur-
(P < 0.01) negatively correlated with the LST not only of ing the winter half-year, much of the relevant climatological
Bodensee but also of three of the Salzkammergut lakesesearch is based on a broad (4-mo) index of the winter NAO
(Traunsee, Attersee, and Hallsea See) and with the MLST (denoted here as NAQ) derived from standardized differ-
series (Table 4). Although the proportion of variance ac-ences in surface air pressure between Lisbon and Iceland
counted for is not large (10%—-12%), the fact that the LSTdrom December to March (Hurrell 1995). The monthly mean
of at least some of the Salzkammergut lakes (those with thBMV regional air temperature time series are significantly
shortest period of ice cover and hence the longest exposuoarrelated with NAQ,, from November to March (Fig. 3A).
to wind influence) correlate significantly with high-altitude In view of the strong relationship between LST and regional
wind speeds measured 300 km from the lakes suggests thait temperature apparent from Table 3, bottom, and Fig. 2,
part of the regional spatial coherence of LST in spring maythe Austrian LSTs might therefore also be expected to cor-
be due to geostrophic wind rather than to air temperature aelate with NAQ,,,. This is the case not only for the MLST
a factor correlated with air temperature. In seasons other thaseries (Fig. 3B) but also for all eight lakes individually, al-
spring, correlations between the MLST series and the Mtbeit to different extents (Fig. 3C-J). Presumably because of
Santis wind speed are low (Table 4), which implies that geo-the insulating effect of ice cover, the influence of the winter
strophic wind speed is unlikely to play an important role inNAO on the LST of the four highest lakes (Halldta See,
determining the spatial coherence of LST in summer, auWolfgangsee, Fuschlsee, and Zeller See) is relatively modest
tumn, and winter. (Fig. 3G-J). However, a comparison of Fig. 3B—F with Fig.

High-altitude cloud cover in mountain regions tends to be3A reveals that in the mean and in each of the four lowest
more spatially coherent than low-altitude cloud and mistlakes, the NAO appears to influence the LST more strongly
which are often dependent on local orographic effects (Barryhan it influences regional air temperature. This is presum-
1992). Spatial coherence in perialpine LST may therefore bably because the NAO will influence LST not only via air
due in part to the regional nature of variations in the radiatemperature but also via its effects on other relevant mete-
tion balance brought about by temporal variations in high-orological variables, e.g., cloud cover. As in the case of air
altitude cloud cover. This hypothesis was investigated by useemperature, the influence of the NAO on LST is strongest
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Table 5. Pairwise coefficients of determinatiaof, (n %) (top)
between the mean surface temperature of the eight study lakes (se-
ries MLST, Fig. 2) and air temperatures measured at seven meteo-
rological stations in Europe; (middle) between Hurrell’'s (1995) sea-
sonal NAO indices and the same air temperature data; and (bottom)
between Hurrell's (1995) seasonal NAO indices and series MLST.
All calculations are based on linearly detrended time series from
1911 to 1990. Values of? not significant at the® < 0.01 level
(i.e., rz < 8.2%) are given in italics. Values given as 0 imply<
0 0.5%. See Fig. 1 for lake and meteorological station locations and
JJASOND|[JFMAMJJAS JJASOND|JFMAMJJAS Tame]_mrsoumesofdma

A BMV

30 - ;
30 C BO D TR Winter SpringSummer Autumn

(DJF) (MAM) (JJA) (SON) Annual
Meteorological station mean mean mean mean mean

Basle (Switzerland) 63 42 52 65 55

Munich (Germany) 60 55 62 64 54

Vienna (Austria) 59 60 65 58 57

Berlin (Germany) 49 50 28 54 42

De Bilt (Netherlands) 53 39 28 34 37

Central England (U.K.) 39 12 9 11 22

O AS ONDl FMANT IAS O S ASONDlI FMAMITAS Stockholm (Sweden) 22 32 4 30 25

Basle 17 9 0 14 12

Munich 19 15 0 14 11

Vienna 23 21 0 13 13

—_ Berlin 32 27 0 25 23
2 De Bilt 33 24 0 17 21
< Central England 45 15 0 7 22
i~ Stockholm 39 36 13 35 37
MLST 14 13 0 8 11

>

JJASOND(JFMAMJJAS JJASOND|JFMAMIJ JAS

during March. In general, however, correlations are signifi-

30 P HA 30 q WO cant P < 0.05) from January to April or May, which implies
that the winter NAO has a more persistent effect on LST
2 2 than on regional air temperature. This is likely to be largely

the result of the fact that water temperatures during early
spring depend not only on the heat exchange that occurs at
that time but also on heat exchange that occurred during the
previous winter.
P <0.05 Further evidence for the large-scale nature of the driving
forces responsible for spring LSTs is provided by comparing
JJASONDJFMAMIJAS the central European LSTs with historical observations of
30 30 the timing of spring ice breakup in northern Europe. After
I FU J 7ZE linearly detrending all time series, the proportion of variance
shared between the spring MLST in Austria and the timing
20 20 of breakup of lakes and rivers in Finland is as much as 19%
in the case of Lake Ns&jarvi, 16% in the case of Lake Kal-
lavesi, and 14% in the case of the Tornionjoki River (see
Fig. 1 for locations; all correlations significant at tRe<
0.01 level). The consistently high proportion of variance
shared between time series of two different physical phe-
ol Nu. REEEARRN=R- (L mE-nnRENTRal B nomena—LST and the t_iming of ice breakup—occurring
~2,000 km apart emphasizes the fact that physical lake forc-
Fig. 3. Coefficients of determinationry] between Hurrell's ing during spring cannot be considered merely as a local, or
(1995) winter NAO index (NAQ,) and air and lake surface tem- even a regional, phenomenon. Because the winter NAO is
peratures in the northern perialpine area of central Europer{A) known to exert a strong influence on the timing of spring
between NAQ,, and monthly mean regional air temperature jce preakup in Finland (Livingstone in press), it can be as-
(BMV). (B) r2 between NAQ, and monthly mean regional lake g, me( that the interregional coherence in physical lake forc-
surface temperature (MLST). (C-3j between NAQ, and the = o0 hetveen northern and central Europe is a result of the

monthly mean regional lake surface temperatures of the eight in-

dividual lakes of Table 2 (see Fig. 1 for lake locations and abbrejarge-scale influence of the NAO on both regions.

viations).

10
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Although the Austrian LSTs are most highly correlatedgional and synoptic scales but also on scales corresponding
with air temperatures measured within the region (e.g., ato those of planetary waves.
Basle, Munich, or Vienna), the high degree of coherence
exhibited by air temperature on synoptic scales (Table 1,
bottom) means that the Austrian LSTs also vary coherentlfEnvironmental Isotopes Group
with air temperatures measured at stations several hundré&tlater Resources Department
kilometers away, e.g., in Germany, the Netherlands, th&wiss Federal Institute of Environmental Science and Tech-
United Kingdom, and Sweden (Table 5, top). The relationnology (EAWAG)
ship between the MLST series and the air temperatures @lberlandstrasse 133
these distant stations, although almost always statisticallgH-8600 Dibendorf, Switzerland
significant P < 0.01), is generally considerably weaker in
summer than in the other seasons. This can be explained by
the relative lack of influence of the NAO during summer. Austrian Academy of Sciences
From autumn through spring, air temperatures throughoumstitute of Limnology
much of Europe are significantlyP(< 0.01) correlated with  Gaisberg 116, A-5310 Mondsee, Austria
the respective 3-mo seasonal (as opposed to 4-mo winter)

NAO indices, but, in summer, this correlation is confined to

northern Europe (Table 5, middle). Specifically, there is nOReferences

significant correlation between the 3-mo summer NAO indexAral, T. 1981. Climatic and geomorphological influences on lake

and the air temperature measured at either Basle, Munich, temperature. Verh. Int. Ver. LimnoR1: 130-134.

or Vienna. In addition, although the seasonal MLST serieé\RNELL, N., B. BATEs, H. LANG, J. J. MAGNUSON, AND P. MuL-

are significantly correlated with the respective seasonal NAO ~ HOLLAND. 1996. Hydrology and freshwater ecology, p. 323—

indices from autumn to spring, this is not the case in summer ~ 363:In R. T. Watson, M. C. Zinyowera, R. H. Moss, and D.

(Table 5, bottom). Therefore, the mechanism accounting for - Dokken [eds.], Climate change 1995—impacts, adaptations

the spatial coherence of the Austrian LSTs in summer cannot and mitigation of climate change: Scientific-technical analyses.
. . . . . Contribution of Working Group Il to the Second Assessment

be associated with the NAO but is geographically more lim-  genort of the Intergovernmental Panel on Climate Change.

ited, extending perhaps from the Alps to Berlin and De Bilt Cambridge Univ. Press.

but not to Stockholm, central England, or the North Atlantic.Barry, R. G. 1992. Mountain weather and climate. Routledge.

Benson B. J.,AND oTHERS 2000. Regional coherence of climatic

Conclusions and implicatiorsClimate forcing on re- and lake thermal variables of four lake districts in the Upper
gional scales (summer) to synoptic scales (autumn, winter, Great Lakes Region of North America. Freshw. Bi8: 517—
and spring) has been shown here to leave a common sig- 227 o
nature in air temperature and LST over several hundred kit INGMAN, S. L. 1972. Equilibrium temperatures of water surfaces

f . as related to air temperature and solar radiation. Water Resour.
lometers of the northern perialpine region of central Europe. Res. 8 4249,

Under the assumption that _LSTS n other regions O.f Europ%CKEL, O. 1955. Statistisches zur Vereisung der Ostalpenseen. Was-
are as highly correlated with their respective regional air ¢ | eperi7: 49-57.

temperatures as they are in this region, this would imply thgpnger, J. E., D. W. iTTWEILER, AND J. C. GevER. 1968. The
existence of a synoptic-scale spatial coherence in LST from response of water temperatures to meteorological conditions.
autumn to spring extending over much of western Europe. Water Resour. Regk: 1137-1143.

Support for this hypothesis, which has far-reaching biolog-Georcg D. G., J. F RLLING, AND E. RGc. 2000. Factors influ-
ical implications, is provided by the strong NAO signals encing the temporal coherence of five lakes in the English Lake
found in lake temperatures in the United Kingdom (George  District. Freshw. Biol 43: 449-461.

et al. 2000) and northern Germany (Gerten and Adrian / AND A. H. TAYLOR. 1995. UK lake plankton and the Gulf

e Stream. Naturg78: 139.
2001). Additionally, recent work suggests that both phytO_GERTEN, D., AND R. ADRIAN. 2000. Climate-driven changes in

plankton and zooplankton population dynamics in lakes spring plankton dynamics and the sensitivity of shallow polym-

across western Europe are strongly influenced by North At-jcyic |akes to the North Atlantic Oscillation. Limnol. Oceanogr.
lantic ocean-atmosphere dynamics, as is manifested in shifts 45: 1058-1066.

in the position of the Gulf Stream (George and Taylor 1995) . AND . 2001. Differences in the persistency of North
and fluctuations in the NAO (Weyhenmeyer et al. 1999; Ger-  Atlantic Oscillation signals among lakes. Limnol. Oceanogr.
ten and Adrian 2000; Straile 2000; Straile and Adrian 2000).  46: 448-455.

The fact that an NAO signature is detectable in historical
observations of lake ice breakup not only in northern and : corresponding author (living@eawag.ch).
central Europe but also in Siberia and Wisconsin (Living-
stone 1999, in press) suggests additionally that the Arctié®

Osm_l;atl;)r;_, of V\_Ilt]r']Ch the NAO dC?/r\} kl)le conlsglg%red a regllona'knowledged. This research was funded by the Swiss Federal Office
manifestation (Thompson an allace ), may play @f Education and Science (contract 97.0344) and the European

significant role in driving the physical and biological lim- ynjon (contract ENV4-CT97-0453) within the framework of the
nology of lakes distributed over large areas of the Northeryropean Union Environment and Climate project REFLECT (“Re-
Hemisphere, possibly resulting in some degree of synchrasponse of European Freshwater Lakes to Environmental and Cli-
nicity and spatial coherence among lakes not only on rematic Change”).

David M. Livingstoné

Martin T. Dokulil

cknowledgments
The assistance of M. Hofer in preparing Fig. 1 is gratefully ac-


http://www.aslo.org/lo/pdf/vol_45/issue_4/1058.pdf
http://www.aslo.org/lo/pdf/vol_46/issue_2/0448.pdf

Notes

HURRELL, J. W. 1995. Decadal trends in the North Atlantic Oscil-
lation: Regional temperatures and precipitation. Scie2GS
676-679.

. 1996. Influence of variations in extratropical wintertime

teleconnections on Northern Hemisphere temperatures. Geo-

phys. Res. Lett23: 665-668.

associated with the North Atlantic Oscillation. Clim. Change
36: 301-326.
HYDROGRAPHISCHESZENTRALBURO. 1964a. Die Wassertemperatu-

1227

change, p. 133-192n J. J. Houghton, L. G. Meira Filho, B.

A. Callender, N. Harris, A. Kattenberg, and K. Maskell [eds.],
Climate change 1995—the science of climate change. Contri-
bution of Working Group | to the Second Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge
Univ. Press.

, AND H. vAN Loon. 1997. Decadal variations in climate PaLecki, M. A., AND R. G. BARRY. 1986. Freeze-up and break-up

of lakes as an index of temperature changes during the tran-
sition seasons: A case study for Finland. J. Clim. Appl. Me-
teorol. 25: 893-902.

ren in Gsterreich im Zeitraum 1901-50. Hydrographischer PARKER, D. E., T. P. IEGG, AND C. K. FOLLAND. 1992. A new daily

Dienst in Gsterreich: Beitrge zur Hydrographie §erreichs,

v. 37.

. 1964. Die Niederschilge, Schneeveritaisse, Luft- und

Wassertemperaturen ins@rreich im Zeitraum 1951-60. Hy-

drographischer Dienst in €Derreich: Beitfge zur Hydrogra-

phie Gsterreichs, v. 38.

. 1973. Die Niederschgge, Schneeveiltaisse, Luft- und

Wassertemperaturen ins@rreich im Zeitraum 1961-70. Hy-

drographischer Dienst in €erreich: Beitfge zur Hydrogra-

phie Gsterreichs, v. 43. }

. 1985. Die Wassertemperaturen ist€reich im Zeitraum

1971-80. Hydrographischer Dienst irs@®rreich: Beitige zur

Hydrographie Gterreichs, v. 50. }

. 1994. Die Wassertemperaturen irst€reich im Zeitraum
1981-90. Hydrographischer Dienst irst@rreich: Beitrge zur
Hydrographie Gterreichs, v. 56.

LivingsToNE, D. M. 1997. Break-up dates of Alpine lakes as proxy

data for local and regional mean surface air temperatures. Clim.
StrAILE, D., AND R. ADRIAN. 2000. The North Atlantic Oscillation

Change37: 407—-439.

to the North Atlantic Oscillation. Limnol. Oceanog#: 1486—
1497.

observations of lake ice break-up. Verh. Int. Ver. Limrig¥.
, AND A. F. LoTTER 1998. The relationship between air and

. 1999. Ice break-up on southern Lake Baikal and its rela-
tionship to local and regional air temperatures in Siberia and : i o
StrAILE, D. 2000. Meteorological forcing of plankton dynamics in

. In press. Large-scale climatic forcing detected in historical

central England temperature series, 1772-1991. Int. J. Clima-
tol. 12: 317-342.

ReGiER, H. A., J. A. HoLMES, AND D. PanLy. 1990. Influence of

temperature changes on aquatic ecosystems: An interpretation
of empirical data. Trans. Am. Fish. Sdt19: 374-389.

RuosTEENOJA K. 1986. The date of break-up of lake ice as a cli-

matic index. Geophysica2: 89—-99.

SampL, H., L. ScHuLz, R.-E. GQUsINDE, AND H. ToMEK. 1989. Seen-

reinhaltung in Gterreich. Fortschreibung 1981-1987. Schrif-
tenreihe Wasserwirtschaft 6a, Bundesministeriuim lfand-
und Forstwirtschaft.

ScHUepPr, M. 1963. Klimatologie der Schweiz, v. H: Bélkong

und Nebel. Beiheft zu den Annalen der Schweizerischen Me-
teorologischen Zentralanstalt (Jahrgang 1962).

SHUTER, B. J., D. A. SHLESINGER AND A. P. ZMMERMAN. 1983.

Empirical predictors of annual surface water temperature cy-
cles in North American lakes. Can. J. Fish. Aquat. 3.
1838-1845.

and plankton dynamics in two European lakes—two variations
on a general theme. Global Change Biail.1-8.

a large and deep continental European lake. Oecolb2ga
44-50.

Sweers H. H. 1976. A nomogram to estimate the heat-exchange

coefficient at the air-water interface as a function of wind speed

water temperatures in lakes of the Swiss Plateau: A case study —and temperature; a critical survey of some literature. J. Hydrol.

with paleeolimnological implications. J. Paleolimna®: 181—
198.
— AND |. R. WALKER. 1999. The decrease in summer

surface water temperature with altitude in Swiss Alpine lakes:

30: 375-401.

THompsoN D. W. J.,AND J. M. WALLACE. 1998. The Arctic Os-

cillation signature in the wintertime geopotential height and
temperature fields. Geophys. Res. Lef: 1297-1300.

A comparison with air temperature lapse rates. Arct. Antarct.Y©SE R S., R. L. $HMOYER, P. M. STEURER T. C. FETERSON R.

Alp. Res.31: 341-352.

MAGNuUsoN, J. J., B. J. BNsoN AND T. K. KrRATz. 1990. Temporal
coherence in the limnology of a suite of lakes in Wisconsin,
U.S.A. Freshw. Biol23: 145-159.

MaNLEY, G. 1974. Central England temperatures: Monthly means

1659 to 1973. Q. J. R. Meteorol. Sd0: 389-405.

4: 252-258.
MOBERG, A., AND H. BERGsTRa1. 1997. Homogenization of Swed-

ish temperature data. Part Ill: The long temperature records

from Uppsala and Stockholm. Int. J. Climatall: 667—699.
NicHoLLs, N., G. V. GRuza, J. buzel, T. R. KarL, L. A. OGALLO,
AND D. E. ParRkER. 1996. Observed climate variability and

R. Hemm, T. R. KarL, AND J. K. BscHeIp. 1992. The Global
Historical Climatology Network: Long-term monthly temper-
ature, precipitation, sea-level pressure, and station pressure
data. Environmental Science Division Publication 3912, Car-
bon Dioxide Information Analysis Center, Oak Ridge National
Laboratory.

McCowmBig, A. M. 1959. Some relations between air temperaturesWA"KER’ G. T.,aND E. W. BLiss. 1932. World weather V. Mem.

and the surface water temperature of lakes. Limnol. Oceanog

R. Meteorol. Soc4: 53-84.

{/VEYHENMEYER, G. A., T. BLENCKER, AND K. PETTERSSON 1999.

Changes of the plankton spring outburst related to the North

Atlantic Oscillation. Limnol. Oceanogd4: 1788-1792.

Received: 16 August 2000
Amended: 1 March 2001
Accepted: 7 March 2001


http://www.aslo.org/lo/pdf/vol_44/issue_6/1486.pdf
http://www.aslo.org/lo/pdf/vol_4/issue_3/0252.pdf
http://www.aslo.org/lo/pdf/vol_44/issue_7/1758.pdf

