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Abstract Seasonal Factors Upwelling (Irregular Heat Transfer)
Figure 3: Water heat budget factors;
. o . . . o . solar radiation (A), stream inflow (B), Lake Linne shows characteristics of irregular heat transfer during times of increased wind velocity. Tempera-
The purpose of this project 1s to characterize the physical processes in Lake Linné, Spitsbergen Island, d ai C ture profiles at sites F and G are presented in Figure 5A and 5B, respectively, for the period between August 6
Svalbard, that lead to vertical and lateral water temperature differences during the high arctic summer. The and air temperature (C) and 18. Although irregular, heating continues throughout the period at Site G. Site F, however, experiences a
observed seasonal dynamics may include overturning, water temperature stratification, and variable timing of significant decline in water temperature at all depths between August 10 and August 14. Analysis of wind
maximum water temperature in the lake. These seasonal changes must be quantified before water temperature S i T S Soas e erl OCl i[y ane%aﬂ muth (Fi ghur? 5C) 'Qd'cathes the pe”.?.d of 'rregléllf‘_r heating and CC)Ic')IeIch corresponds to a period
data from this lake can be used in studies of global warming effects in high arctic lakes. Although implicated in some lake studies as a source of water 10 . . . — 200 of prolonged, strong southerly winds. Thus, asignificant upwelling event isimplied.
heating, our data demonstrate little correlation among epilimnon M - e | | | | | | |
We used atmospheric and lake temperature data for the period of July 31 through September 4, 2003. We water temperatures and solar radiation flux. ' Tenp @ om Sie S Figure 5: Upwelling evidence-- temperature profiles at Site F (A) and Site (B) and wind data (C)
compared atmospheric temperature, Wil}d speed and difeCti.OH» solar mdiaﬁfm if%ﬂuxa and barometric pressure Figure 3A illustrates daily average solar radiation from a weather % 7 | | 150 (f—, Upwelling Event Water Temperature Wind Speed and (Filtered) Azimuth
to lake temperature data from shallow (i.e., 2m) and deep (i.e., 10 m) mooring sites near the center of the lake station positioned near Lake Linné. These data are fit by a cubic E D S Site F S— Site G: August 6-18, 2003 July 31-September 4, 2003
(1.e., Site G) and on the southern shelf (i.e., Site F). We found that July 31 through August 19 surface water spline curve and plotted with water temperature at Site G which 3 5 0 B e i
temperatures increased from 4°C to a three day long plateau of 7°C, and then fell to 5.8°C at the end of the we assume would be immune to influence from surface water 5 s | | | | | | i { I
observational period. This trend corresponds to concomitant air temperature changes. The increase lags short- influx. (We do not consider the influence of changing solar 5 2 o e v @)
ly behind warm southerly weather while the cooling trend follows weak northerly winds. Anomalies in water angle.) The opposition of epilimnon water temperatures and g o5 0 = R .
temperature trends correspond to an unsettled time of wind azimuth as the prevailing winds shift from south to solar radiation on numerous days and through a long-term trend 5 + O e | RRRR
north. Changes in water temperature at ten meters mimic surface water temperature changes. Thermal stratifi- from August 1 to 20 implies solar radiation fluxes do not contrib- T - £ -
cation at Site F islost during periods of strong southerly wind. These winds aso correspond to days when sur- ute significantly to epilimnon heating and cooling. 0 -' -' -' -' : 0 = - I IR I F R R | _ 3
face water temperature at Site F is colder than at Site G. R e Augie Aee Al Sl Sen g s | S
(2003 CE) T | | =
Our observations indicate that air temperature is the dominant control on water temperature at sites F and A = 5l VYT 8
G through ten meters of water depth. However, strong southerly winds can cause vertical and horizontal (A) ; ] 2
changes in water temperature through vertical mixing of intermediate and shallow water, and lateral displace- T S wwmew Norther
ment of surface water. Thus, our single-season data indicate that lake water temperatures are proxies of atmo- Stream water entering the lake is typically warmer than water in Jueam Discharge | 1 L
Spherl C temperature although Strong Wi ndS perturb the %/Stern the Iake Wal‘ml ng OCCUFS dUI’I ng Sha“OW Stl’eam ﬂOW thrOugh 12 ! ! : . h' o Water Temperature (OC) Water Temperature (OC) Date (2003 CE)
the stream’s 5.5 km reach from the terminus of glacier | | oo |
Linnébreen to Lake Linne. Although flow data are limited to the 10 (A) (B) (C)
early season of 2004, we assume the analogous contribution of ~
stream water to 2003 in-lake temperature changes during our P
: observational period is negligible. Even at its maximum (i.e., Py .
Introduction ~10 m3/s), the total discharge to the lake from the stream g Seasonal Dynamlcs. Model 3 o |
(~ 900,000 m#/d) is insufficient to affect temperature change in 3 -igure o: Lake Linne heat and circu-
This study characterizes the seasona development of thermal stratification and heat transfer in Lake Linné, the significantly greater volume of water residing in Lake Linne 0 Based on this analysis of water and climatic data from July ation models for periods of normal
Svalbard, between July 30 and September 4, 2003. Dueto its arctic position and influx of glacial melt waters (~ 125,000,000 m?) on adaly or weekly basis. We estimate that 2 30 through September 4, 2003, we propose a three compo- heating (A), normal cooling (B), and
Lake Linné may serve as a recorder of global environmental change and the response of large lakes to chang- the maximum temperature change resulting from the daily inflow nent heat budget and circulation model for ice-free condi- I ts (C)
ing environment. of stream water IS one order of magnitude less than the observed L 5 ; 5 tions in Lake Linné. Figure 6 illustrates the three highly UpWETing events
| | | | | | daily changes in epilimnon and metalimnon temperature sensors. JuE0  Augla | Auglr | Augiil stylized end-member components of the model.
Lake Linné lies between two northwest to southeast trending ranges with 400 m average relief. It receives Note, however, that the influence of stream flow on early season o0 ‘\
runoff from Linnébreen glacier whose terminus is 5.5 km to the southeast. The lake is 5 km long by 1 km heating of Lake Linne Is uncertain and could be important given Component 1, Normal Heating. By mid-season, the pri- W
wide, on average. A shallow (i.e., <15 m) shelf exists across the southeast margin and its greatest depths (i.e., the steepness of the hydrograph curve shown in Figure 3B. (B) mary source of heat to the epilimnon is wind-related mixing
>35m) lieinasmall dliptical basin in the middle of the lake (see Figure 1). with warm (i.e., >6°C) air overlying the lake. Heat is trans-
~ Air and Water Temperature ferred from the epilimnon to deeper waters by normal tur- (A)
Figure 1: Location Maps of Svalbard (A), Lake Linné (B), and In-lake mooring sites (C) Site G, July 31-September 4, 2003 bulence. An important consideration of Component 1 is
Greenland Heating and cooling of the lake coarsely coincides with local air + T [—remeemswo Egmngkﬂﬁlﬁcguﬁevrwh ey t?\\(/aerwli_nacli(se fIFcl)rrll?eeirt?%r/
. temperature changes. Figure 3C presents daily average air tem- | | ‘ Temp @ 10m, Site G \ e T ’ . .
SvaJ E)ard / ““ / Lake Lln_ne peratpures cal Cu|atgd fromggo_mi nu?e temperatu?f/e dataa?ecorded a 10y 777777 77777 : Alr:Temp : di I'eCtIOI'! are genera“y calm (l e, <4 m/S) dU“ng this phase
Al Lalke [ (and mooring a local weather station and fit with a cubic spline. Although © | ' | | of warming.
 linnd b, ~ERA sites C-G) some fluctuations in air temperature exist, the overall warm air o o
25 = & e, TN temperatures coincide with rising lake water temperatures from =2 Component 2, Normal Cooling. Lake Linné is a “deep
Spitshergen © July 30 to August 20. The cooling of lake water temperatures 3 lake”: Sixty percent of the lake volume exists below 10 m.
Island correlates to atime of decreased air temperatures during the peri- g | Consequently, this volume serves as alarge heat sink during
od from August 21 to August 30. Of special importance isthe @ periods when the epilimnon is cooled by low-temperature
more rapid cooling of epilimnon water temperature relative to , | | | | | air masses. |n our data, one such air mass arrived on
) metalimnon water, thus implying a direct cause and effect among ; ; ; ; ; August 20. Within five days of an air temperature drop of
air temperature and water temperature at Site G during this peri- . | ; ; ; ; 4°C, epilimnon water temperature equilibrated with
Norway e \ od of observation. Jul/30 Aug/5 Aug/l2 Aug/l9 Aug/25 Sep/l Sep/8 metalimnon water temperature. The hypolimnon is not an
\ ier Date Inexhaustible source of heat: Once thermal stratification is
. - i A oINS~ Bathymetric Contour Interval: 10 m (2003 CE) lost, continued cooling of the epilimnon works downward
(A) (B) (C) (C) and causes all levels of the |ake to cool simultaneoudy (at
the rate heat can be dissipated from the hypolimnon).
' ' Component 3, Upwelling. During periods of strong south-
Background ReQUIar Heatlng and COOlIﬂg erly winds, upwelling events occur. See Figure 6C. Warm
Hesting, heat transfer, and water circulation in most large lakes are well constrained processes, Influential fac- All mooring sites in Lake Linne experience periods of regular heating and cooling. Illustrated below are in- surface water from the southern shelf is moved into deep
tors include wind-related surface water effects, solar heating, local air temperature, and surface and ground |ake temperature data for Site F for a period of warming (Figure 4A) and cooling (4B). water. Cold water from metalimnon and hypolimnon
water fluxes. Through ice-free seasons, lakes typically develop thermal stratification (i.e., warm water on top, . o o . | underlying bathyal portions of the lake is then moved up
cold water on bottom) as well as variably time-dependent trends of horizontal and vertical heating and cooling. As illustrated In Figure 4A, the surface waters of the epilimnon are heated and this heat then slowly migrates onto the edge of the shelf. In our data, modest wind speeds
These characteristics influence the lakes maximum lake temperatures, number of ice free days, and the spatial into the metalimnon through the summer season. (The nonconforming data for August 14 are discussed in Fig- of only 5-8 m/s sustained over a period of as little as 16 h
and temporal distribution of heat. ure 5). Lake water develops atypical thermal stratification profile with epilimnon water temperatures rising by were required to initiate upwelling. If these are the average
up to 2°C per week while metalimnon and hypolimnon temperatures rise by approximately 0.5°C per week. conditions that initiate upwelling in Lake Linngé, then it
On an annual basis, Lake Linné conforms to most expected heating and cooling trends in arctic large lakes (see o ) N o appears susceptible to many, far more intense upwelling
Figure 2). The lake' s ice-free season begins in June and ends in October and overall heating in the lake corre- Regular cooling in the late season (“fall turn-over”) is observed by epilimnon temperatures that cool to those of events-- a condition that deserves additional study.
sponds to the occurrence of wind action over open water, stream and ground water influx, and solar radiation. the metalimnon and hypolimnon. Thereafter, all water temperatures cool at equal rates until ice-over.
Fine-scale observations of in-lake temperature trends, however, reveal detailed heating and cooling that are
unexpected. For example: surface water will cool on a sunny day; thermal stratification will suddenly disap- Figure 4: Temperature profiles at Site F during mid-season (A) and late-season (B) periods
pear; water temperature on one end of the lake will rise while temperature at the other end remains constant. Site B Mid-Season Water Temperature Site P Late-Season Water Temperature o
Consequently, before Lake Linné can be used as a model of limnological response to arctic climate change, a 0 = i 0 _ P , Prlnc:lpal References
general heat budget and water circulation mode is required. o T A | T e s | o | | |
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