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Empirical modeling of summer lake surface temperatures in southwest Greenland
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Abstract

This work presents a method to estimate mean daily lake surface water temperatures using only air temperature,
theoretical clear-sky solar radiation, and lake size. Surface water temperatures were measured at a selection of lakes
in southwest Greenland during the summers of 1998-2000. The lakes are small (surface area <150 ha) with
maximum depths ranging from 3.5 to 47 m. An empirical model requiring only local air temperature and theoretical
clear-sky solar radiation is developed to predict daily mean lake surface temperatures in summer for each lake. The
model approximates the slow integrated response of water temperature to meteorological forcing by applying an
exponential smoothing filter to air temperature. Exponential smoothing results in a 35% improvement in model fit
compared with a model using unsmoothed air temperatures. The smoothed air temperatures and clear-sky solar
radiation are linearly combined to estimate the daily mean lake surface temperatures. The smoothing parameters
and the three linear coefficients of the model, obtained individually for each of 15 lakes, are found to relate to lake
area and maximum depth, leading to the development of a general model. With this general model it is possible to
predict the summer surface temperatures at any lake in this region where local air temperatures can be estimated.
Cross-validation of the general model at each lake in turn indicated a 90% forecast skill and average standard error
of prediction of 1.0°C. Examination of the daily prediction errors over time suggests a relation to strong wind

events.

Water temperature plays a significant role in the function-
ing of lake ecosystems. It affects thermal stratification, the
solubility of dissolved oxygen, the metabolism and respira-
tion of lake fauna and flora, and the toxicity of pollutants
(Stefan et a. 1998). The area around Sgndre Stremfjord in
southwest Greenland contains a considerable number of
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lakes, few of which have been studied systematically until
now. The lakes are typically Arctic, in that they have a brief
ice-free summer season. Because the chemical and biological
status of any lake is strongly related to the development and
evolution of the thermal stratification of the water column
(Catalan 1988), the loca climate during these ice-free
months is crucial to the lake ecosystem.

The lakes, located between the Greenland ice cap to the
east and the Davis Strait to the west, are in an area of con-
siderable importance to global climate. This region is pres-
ently cooling (average decrease in annual temperature of
1.29°C from 1961-2001), presumably as a result of the cur-
rent positive tendency of the North Atlantic Oscillation
(Hanna and Cappelen 2003). In an attempt to develop pre-
dictive models from chironomids preserved in lake sedi-
ments to address Holocene climate variability, we measured
lake surface temperature (LST) with miniature thermistors
with integrated automatic dataloggers (cf. Livingstone et al.
1999). Microfossil environmental modeling requires a min-
imum of 40-50 lakes for calibration, but in this remote re-
gion, it is not feasible to deploy thermistors in every lake.
An dternative approach is therefore required to estimate
LST for use in these models.

Numerical process-based models of lake water tempera-
ture (e.g., Kraus and Turner 1967; Hondzo and Stefan 1993;
Peeters et al. 2002) require detailed time series of meteo-
rological data to drive them. Because such detailed and
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Fig. 1. Location of lakes, automatic weather station (AWS), and
the closest World Meteorological Organization (WMO) observato-

ries.

comprehensive data sets are not available for southwest
Greenland, an empirical model is developed here to predict
LST. Although the validity of any empirical model islimited
by the dataset used in its construction, the empirical ap-
proach has pragmatic advantages for practical applications
on a regional scale. These advantages lie in the limited
amounts of input data required and in the comparative sim-
plicity of application. Previous attempts to model LST em-
pirically from air temperature alone have been quite suc-
cessful on annual (Shuter et al. 1983), monthly (McCombie
1959), and daily (Livingstone and Lotter 1998; Livingstone
et al. 1999) time scales. However, these studies relied on a
direct linear relationship between LST and air temperature
and did not attempt to incorporate either a time lag or
smoothing into the models. This study attempts to demon-
strate the importance of these two processes in the empirical
modeling of LSTs in southwest Greenland, and a general
model is developed to estimate LST requiring only the mea-
sured inputs of air temperature and lake size.

Methods

Stes and measurements—Southwest Greenland contains
numerous lakes that show minimal anthropogenic effects
(Anderson and Bennike 1997) and a great diversity of lim-
nological variation in terms of mixing, acidity, and salinity
(Anderson et a. 2001). As part of the development of a
chironomid-based transfer function (Brodersen and Ander-
son 2002), temperatures have been monitored in >30 lakes
in this region over the period 1998-2000, along and around
an E-W transect from the ice sheet near Kangerlussuag to
the outer coast south of Sisimiut (Fig. 1). However, none of
the lakes were monitored over the full period, so each lake
was monitored over the summers of either 1998 and 1999
or 1999 and 2000. A number of the lakes in this area have
enhanced conductivities (~2,000—-4,000 uS cm-*; Williams
1991; Anderson et al. 2001). The oligosaline lakes have
closed basins and have evaporated steadily through the Ho-
locene with resultant increases in salt concentrations

(McGowan et a. 2003). The climate in this areais low Arc-
tic continental, and much of the area is on the boundary
between subpolar and true polar climates. The mean annual
air temperature at Kangerlussuag (Fig. 1) is —6°C, although
summer daytime temperatures can exceed 15°C. In summer,
the days are long, but solar elevation is relatively low, re-
sulting in low mean air temperatures. At the coast, the annual
temperature range is reduced, with less extreme winters but
cooler summers, mainly because of increased clouds and fog.
In winter, daily mean temperatures can fall to —40°C be-
cause of cold winter winds from the nearby ice cap. The
westernmost lakes in the region are subjected to dlightly
more maritime meteorological conditions (e.g., coastal fog
banks and increased precipitation), but their overall climatic
setting is still continental because of the enclosed nature of
the Labrador Sea. Annual precipitation is very low at the
head of the fjord (~150 mm yr—1) but substantially higher
(300—>400 mm yr—*) at the coast. The study lakes are ice-
free for about 3 months of the year, from mid- to late June
until late September or early October, depending on their
location and altitude.

Littoral thermistors were deployed ~25-30 cm below the
water surface in about 1-1.5 m water depth. In 1999, therm-
istors were also deployed on chains located in the deepest
part of the lakes, aswell asin thelittoral. The surface therm-
istor on each chain was located about 10-15 cm from the
lake surface. Temperatures were measured at 30-min inter-
vals from mid-June (ice melt) to mid-September in 1998 and
at hourly intervals in 1999. Additionally, an automatic
weather station (AWS) measuring air temperature, wind ve-
locity, and wind direction was installed in the middle of the
transect between lakes 75 and 76 (Fig. 1), providing half-
hourly data during summer 1999 and since summer 2000.
Meteorological conditions were monitored at five World Me-
teorological Organization (WMO) observatories between
Sioralik (65.02°N, 52.55°W) and Egedesminde (68.70°N,
52.85°W), with the two closest of these situated at Sisimiut
in the west and Kangerlussuag in the east (Fig. 1).

Although water temperature data were obtained from a
large number of lakes in this region, not all were used in
this work. LSTs at lakes very near to the ice sheet did not
show any correlation with our estimated air temperatures for
this region. This could be because of cold winds blowing
from the glacier or because of melt water entering the lakes.
Therefore, five lakes situated very near to the ice sheet were
eliminated from the analyses. Two lakes very near the coast
were also eliminated because of the occurrence of persistent
fogs that alter local meteorological conditions, affecting our
ability to interpolate air temperatures at these sites. Thus, the
15 lakes chosen are those for which a reasonable estimate
of local air temperature can be made. These lakes vary in
depth from 3.5 to 47 m and are situated over an altitude
range of 160-550 m above sea level along a 90-km E-W
transect. Details of their morphology and location are given
in Table 1 and Fig. 1.

Estimating air temperature at each lake—Construction of
a model for the surface temperature of a specific lake re-
quires, at the very least, an estimate of the local air temper-
ature at the lake. Although this region is not mountainous,
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Table 1. Location and physical details of the 15 lakes used in this study. Conductivity is the
mean of all available measurements (Anderson et a. 2001). Maximum depth is derived from bathy-

metric surveys using hand-held echosounders.

Mean electrical
Lake Altitude Area Maximum Latitude Longitude conductivity

No. (m) (ha) depth (m) (°N) (W) (uScm™)

4 170 73.0 23.0 66.990 51.042 2,538

6 175 215 12.8 66.997 51.110 3,476

8 190 14.6 104 67.013 51.082 364
27 550 7.3 35 66.820 51.638 43
28 540 3.7 8.8 66.830 51.628 39
41 160 50.0 12.4 66.747 51.804 89
42 300 6.7 125 66.738 51.811 333
43 335 9.5 75 66.733 51.812 116
48 380 2.6 3.7 66.857 52.651 28
50 330 6.0 5.0 66.857 52.653 24
70 235 76.6 47.0 66.954 51.583 2,510
75 340 144.0 47.0 66.946 51.554 195
76 345 8.4 21.0 66.945 51.564 322
85 178 24.6 13.0 66.983 51.057 604
88 330 10.3 125 66.896 51.305 122

there are altitude differences that must be taken into account
when interpolating air temperatures between the surrounding
WMO stations. Hanna and Valdes (2001) suggest a lapse
rate correction of —5°C km~* for this region, which in the
absence of further data, was applied to all sites. Following
this, it became apparent that the air temperature recorded at
the AWS was much higher than expected from spatial inter-
polation of the WMO station temperatures because of the
unfortunate siting of the WMO stations. The four coastal
WMO stations record lower summer air temperatures than
those inland because of coastal fogs and the moderating ef-
fect of the ocean, whereas the one inland WMO station is
close to the ice margin and records lower summer temper-
atures because of cool winds blowing out from the ice sheet.
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Fig. 2. Mean daily air temperature contours for 19 Aug 2000
showing large horizontal temperature gradients. This is a warm
summer day identified in Fig. 3 as the second sharp peak of 2000.
WMO stations are indicated by asterisks and their WMO identifi-
cation number. The cross marks the site of the AWS.

The AWS is not strongly affected by either of these cooling
phenomena, so air temperatures there tend to be higher than
expected (Fig. 2). On a warm summer day, the difference
between the temperature estimated by spatial interpolation
of the WMO air temperature data and the actual daily mean
air temperature at the AWS can be as much as 6°C. This
changing horizontal air temperature gradient must be taken
into account when estimating air temperatures in this region.
In 1999, the AWS operated only in summer, but from
summer 2000 onward, it was in continuous operation. How-
ever, development of our LST model required daily mean
air temperatures covering the same period as the water tem-
perature measurements (summer 1998-2000). An air tem-
perature transfer function was therefore constructed with
data from the two closest WM O stations. The best procedure
was found to be to construct a two-season model by dividing
the year into “summer,” defined as that part of the year
when the mean air temperature of the surrounding WMO
stations was >0°C, and “winter,” in which mean air tem-
perature was below 0°C. Figure 3 shows the fit of the two-
season model for air temperatures at the AWS from 1999 to
2001. The transfer function output was thus used in com-
bination with the AWS measurements to provide a contin-
uous time series of air temperature at the AWS for the entire
period for which LST measurements were available. This
time series was used in conjunction with data from the five
surrounding WMO stations, plus the lapse rate correction, to
estimate the daily mean air temperature at each lake.

Estimating theoretical clear-sky solar radiation at each
lake—In addition to air temperature, solar radiation is also
an important determining factor of lake heat balances (e.g.,
Edinger et a. 1968), and therefore of LSTs. The solar ra
diation incident at any point on the earth’s surface is essen-
tially the theoretical clear-sky solar radiation at that point
modified by cloud cover (e.g., Kasten and Czeplak 1980).
Because information on cloud cover is not commonly avail-
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Fig. 3. Modeled and observed air temperatures at the AWS site.

able, no attempt is usually made to incorporate solar radia-
tion into empirical LST models. However, even without data
on cloud cover, the theoretical clear-sky solar radiation alone
can provide additional information that can be profitably in-
corporated into an empirical model of the kind described
here. Hence, on the basis of the method outlined by Brock
(1981), the theoretical clear-sky solar radiation incident on
the surface of each of the lakes listed in Table 1 during the
course of a year (neglecting local effects such as shading by
local topography) was computed. The solar radiation inci-
dent at the top of the atmosphere was first computed by
modifying the solar constant by a time-dependent factor to
account for the effect of the dlipticity of the earth’s orbit.
Following Brock (1981), the separate effects of atmospheric
attenuation on the direct and diffuse solar radiation were
accounted for by applying the altitude-dependent exponen-
tial attenuation model of Hottel (1976) in conjunction with
the empirical relationship between diffuse and direct solar
radiation suggested by Liu and Jordan (1960). The degree
to which clear-sky solar radiation is attenuated during its
passage through the atmosphere is determined largely by the
distance it travels through the atmosphere, which depends
on the atitude of the lake and on the perceived solar ele-
vation at the lake (Liu and Jordon 1960; Hottel 1976). The
solar elevation, which also enters into the calculation of the
component of the incident solar radiation perpendicular to
the lake surface, is easily computed as a function of solar
declination, latitude, and local time. The solar declination in
this instance can be computed sufficiently accurately merely
from the tilt of the earth’s axis and the calendar date (e.g.,
Cooper 1969).

Summer surface water temperature model—The net heat
flux between a lake and the atmosphere represents the net
effect of five main heat exchange processes across the air/
water interface (e.g., Sweers 1976). These are: the absorption
of direct and diffuse short-wave solar radiation, the absorp-
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Fig. 4. Air temperature, surface water temperature, and theo-
retical clear-sky solar radiation at lake 42 in 1999. Note that the
water temperature is well above air temperature but otherwise ap-
pears as a damped and delayed version of air temperature.

tion of long-wave atmospheric radiation, the emission of
long-wave radiation from the lake surface, the exchange of
latent heat of evaporation and condensation, and the con-
vective exchange of sensible heat (e.g., Edinger et al. 1968;
Sweers 1976). These processes depend essentially on just
four meteorological variables—air temperature, wind speed,
relative humidity and cloud cover—and on one astronomical
variable, the clear-sky solar radiation.

Air temperature is arguably the most important of the me-
teorological variables. It is causally involved in all heat ex-
change processes except the absorption of solar radiation and
the emission of long-wave radiation from the lake surface
(Edinger et al. 1968; Sweers 1976). In addition to this, it is
often correlated to a certain extent with relative humidity
and cloud cover, so that part of the climatic signal carried
by these two variables is also present in air temperature. At
any one time, the LST tends exponentially toward an equi-
librium value that would theoretically result in zero net heat
flux between lake and atmosphere (Edinger et al. 1968). This
equilibrium temperature can be related quite strongly to am-
bient air temperature, but the influence on LST of the two
radiation processes independent of air temperature, and of
the other three meteorological variables, mean that this is
not always the case (Dingman 1972).

Figure 4 shows an example of a comparison of the ob-
served daily mean surface temperature of lake 42 with the
corresponding estimated daily mean air temperature at the
lake. The water temperature is typically 4—7°C warmer than
the air temperature, a feature also noted in the European
Alpine lakes (Livingstone et al. 1999). Otherwise, the water
temperature is seen to follow the air temperature signal with
a time delay and damping. Figure 4 also shows the calcu-
lated theoretical clear-sky solar radiation at lake 42. The es-
timated time of ice melt is seen to correspond fairly closely
with the theoretical maximum clear-sky solar radiation.
However, this is coincidental and is not true of al regions.



Lake surface temperature modeling 275

In the model described here, LSTs are assumed to be pre-
dominantly controlled by an exponentially smoothed version
of the local air temperature. The adoption of this exponential
smoothing filter is supported conceptually by the sensible
heat exchange model of Rodhe (1952), cited by Bilello
(1964), in which the change in LST with time is given by

dT,

= KL= T) (1)
where T, is the LST; t is time; T, is air temperature; and k
is a constant heat exchange coefficient with inverse dimen-
sion of time. Equation 1 can be integrated over time and
formulated iteratively to give

Tue = (1- 67Mt)Tat + 67MtTw,thl 2

(Rodhe 1952; Bilello 1964), where T,,, isthe LST at timet,
and At is a short time interval (in this application At is 1 d).
Assuming that LST isrelated to air temperature by a smooth-
ing function f, such that T,,, = f(T,,), then

f(Ta) = aTy + (1 — )f(Torsd) ©)

where « = 1 — e %t Equation 3 is seen to be an exponential
smoothing filter in which f is the smoothing function and «
is the smoothing parameter in the interval [0, 1]. The
smoothing parameter is thus a function of the heat exchange
coefficient k and the time step At. When « = 1, thereis no
smoothing, and as @« — 0, the smoothing increases such that
the current daily mean air temperature has much less affect
on the water temperature. This smoothing function has the
effect of reducing the variance of the air temperature data
and incorporating a time delay.

In the sensible heat exchange model (Eqg. 1) it is assumed
that changes in water temperature are purely a function of
air temperature. During long periods of cooling (e.g., during
autumn and early winter up to the time of ice formation),
this assumption appears to be empirically justified (Bilello
1964). In summer, however, when cooling because of the
temperature difference between air and water at the lake sur-
face is not the main factor that determines the thermal be-
havior of the epilimnion, Eqg. 1 is unlikely to provide a suf-
ficiently accurate description of the temporal variability of
LST. Thisis confirmed for the specific case of the southwest
Greenland lakes by the data in Fig. 4, which show that dur-
ing summer, T,, consistently exceeds T,. According to Eq. 1,
this should result in a consistent decrease in T,, with time,
which is clearly not the case. In summer, the net effect of
the heat exchange processes mentioned above is to raise the
equilibrium surface temperature of the southwest Greenland
lakes above the ambient air temperature. To account for this,
at least partially, in our model we include as a further var-
iable the theoretical clear-sky solar radiation.

Multiple linear regression of our data shows that the LST
can be modeled satisfactorily as a linear combination of ex-
ponentially smoothed air temperature and the theoretical
clear-sky radiation S such that

T, =a + bf(T,) + ¢S 4%

where a b, and c are constants, and f is the exponential
smoothing function. Because the theoretical clear-sky solar
radiation S contains no information about cloud cover or any

other meteorological processes that affect the LST on adaily
or interannual basis, it can be viewed simply as an annual
cycle. The five heat exchange processes mentioned above
are represented in our four-parameter model by the intercept
a, the scaling of the smoothed (f) air temperature b, and the
cyclic term cS. The relative importance of these terms varies
on an annua time scale such that the difference between the
water temperature and the smoothed air temperature is large
at the beginning of summer, becoming smaller in autumn as
the solar radiation decreases. We restrict the model (Eq. 4)
to water temperatures above 4°C because of the reversal in
the density—temperature relationship that occurs at this tem-
perature. This reversal means that the coupling between LST
and air temperature is weaker for LSTs <4°C than for those
>4°C. Additionally, the model is not applicable during the
period immediately after ice melt, when the LST undergoes
a sudden rapid rise toward the equilibrium temperature. The
model can be identified as an empirical heat exchange model
with a seasonal radiation component. The four model param-
eters are obtained by fitting predictions to LST measure-
ments.

Results

Individual lake model—For each lake, an iterative process
was used to find the smoothing parameter and linear coef-
ficientsin Eq. 4 that gave the best fit to the data in terms of
mean absolute error. The results of a model fitted for one
individual lake are shown in Fig. 5. This model fits well
with R? = 0.86, although it slightly underestimates the sum-
mer peaks. The observed data appear more smoothed in
1999 than in 1998, which is probably indicative of a change
in the mean depth of the epilimnion between the two years.
The smoothing parameter is calculated with data from both
years, leading to slight oversmoothing in 1998.

The other 14 lakes show similarly good fits (Table 2) with
no obvious problems. The individua lake models can be
used to hindcast and forecast summer water temperatures.
However, in order to reconstruct water temperatures at lakes
without thermistor data, it is necessary to develop a general
model. The parameters found for each lake individually (as
shown in Table 2) appear to be fairly consistent, with no
dramatic leaps over several orders of magnitude that can be
encountered when linear models overfit specific datasets.
The intercept term, a, is a little unusual (negative) for lake
48, and the air temperature sensitivity is rather high (>1)
for lake 50. Otherwise, the consistency is very encouraging,
indicating that no gross overfitting has taken place. Similar-
ly, the R? values all lie above 0.74. Because the R? values
are al calculated with an annual cycle removed (i.e., they
are based on anomaly data), they again point to very satis-
factory models and suggest that a more general model could
be developed.

To demonstrate the advantage of damping and time-lag-
ging the air temperature, a second set of models was devel-
oped that used unsmoothed air temperatures. Figure 6 plots
the daily output from all 15 individual lake models, with and
without smoothing, against the observed data. The mean R?
value for the simple linear model is 0.80 compared with 0.87
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Fig. 5. Observed and modeled water temperatures from the individual lake model for lake 41

in 1998-1999.

for the smoothed linear model, and this, along with Fig. 6,
clearly demonstrates the improvements in fit achieved by
smoothing the air temperature. The mean absolute fit errors
of the simple linear model and the linear model with smooth-
ing are 0.94°C and 0.61°C, respectively. Thus, smoothing the
air temperature results in a 35% decrease in error.

General model—Here, the overall aim is to predict daily
mean summer surface water temperatures for any lake in this
region of southwest Greenland where local air temperature
can be estimated. To achieve a useful model, it is necessary
to discover relationships between the model parameters («,
a, b, and c of Eq. 4) and the physical features of each lake.
Most of the water temperature data were collected in 1999.
To avoid bias in the parameter relations toward the mean
meteorological conditions prevailing in 1999, the general
model equations were also derived by weighted regression,
with equal influence given to each year by increasing the
weighting on data from 1998 and 2000.

The model parameters will be largely determined by the
thermal stratification of the water column and, particularly,
by the depth of the epilimnion (the mixing depth) because

in air temperature. However, we have no means of deter-
mining the mixing depth. Instead, stepwise multiple regres-
sion was performed to search for relationships between each
of the parameters and the likely physical controls of maxi-
mum lake depth (D), lake surface area (A), and salinity (ex-
pressed in terms of conductivity). The smoothing parameter
a was first transformed to 7 = 1/«, the average age (in days)
of the smoothed data (because « = 1 by definition, 7 = 1
regardless of the size of the lake). The following relationship
between 7 (days), A (ha), and D (m) was then found.

=1+ 1234InD + 0.035A (5)

Thus, Eqg. 5 can be used to find the amount of smoothing
needed at each lake on the basis of its maximum depth and
surface area. This estimates the « values shown in Table 2
with Rz = 0.82 and gives the mean absolute error in « as
0.035. The fit is shown in Fig. 7a

Linear regression on the physical variables listed above
was also used to find the three linear coefficients of the gen-
eral model, such that

a= —-186 + 1672InD

this determines the volume of water responding to changes (R? = 0.64; MAE = 0.77°C) (6)
Table 2. Model parameters and R? values for each lake.
Smoothing Solar radiation
Lake parameter, Intercept, Air temperature coefficient, ¢
No. a (°CY a(°C) coefficient, b CC m2 W) R2
4 0.12 2.39 0.79 0.014 0.79
6 0.29 253 0.68 0.019 0.85
8 0.23 248 0.86 0.013 0.74
27 0.37 1.16 0.81 0.018 0.85
28 0.33 3.60 0.81 0.006 0.85
41 0.23 264 0.77 0.016 0.86
42 0.22 2.99 0.67 0.019 0.94
43 0.34 0.80 0.77 0.025 0.92
48 0.30 —0.26 0.94 0.025 0.84
50 0.31 0.21 1.03 0.019 0.91
70 0.13 5.39 0.64 0.003 0.91
75 0.09 4.79 0.53 0.004 0.98
76 0.17 243 0.63 0.018 0.84
85 0.13 0.34 0.98 0.017 0.85
88 0.23 297 0.75 0.013 0.90
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Unlike the smoothing parameter, the linear coefficients were
not found to be significantly dependent on lake area but
largely controlled by the maximum depth D (m), as shown
in Fig. 7b—d. Equations 5-8 thus provide a general model
which, given lake surface area and maximum depth, can be
driven by daily mean air temperatures (calculated by the
interpolation method outlined earlier) and by theoretical
clear-sky solar radiation to generate daily mean lake surface
temperatures.

Model validation—To check the parsimony and predictive
capabilities of the general model, Eqgs. 5-8 were cross-vali-
dated by omitting each lake in turn and carrying out the full
modeling procedure on the remaining 14 lakes to derive a
new set of equations (Egs. 5-8). L STs at the verification lake
were then predicted with the new general model (i.e., LSTs
were modeled as if no data from the verification lake was
available). Then, the modeled and observed water tempera-
tures were compared, and model performance was assessed
by four commonly employed criteria: (i) bias, which is sim-
ply the mean error of prediction (where the prediction error
is given by subtracting the observed from the modeled data);
(ii) the root mean square error (RMSE); (iii) the mean ab-
solute error (MAE); and (iv) the forecast skill of Lorenz
(1956) given by

_ 2 (= %)
skill = 100% X |1 — m 9

where x; and X, are the actual and estimated water tempera-

a(°C)
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Fig. 7. Therelationships for the general model parameters. (a) The fit of Eq. 6 for the smoothing
parameter and (b—d) the relationships between the linear coefficients and maximum depth, in which
the lines represent Egs. 6-8. Labels indicate lake number.
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Table 3. Model cross-validation prediction statistics for two
different weighting methods. Bias, mean error of prediction; RMSE,
root mean square error; MAE, mean absolute error; Skill, forecast
skill of Lorenz (1956).

Weighting Bias (*C) RMSE MAE Skill
method All years 1998 1999 2000 (°C) (°C) (%)
None  —001 —047 -004 021 104 085 ol

By year 005 -031 005 012 104 085 90

tures at the verification lake and x_ is the mean of the actual
water temperatures at the calibration lakes. The closer the
skill is to 100%, the better the prediction. Each of these
criteria yields specific information about the model, and the
employment of all three allows a comprehensive assessment
of the model’s predictive capabilities.

The cross-validation procedure was performed with and
without the weighting previously described. Table 3 shows
how the error statistics change according to the weighting
strategy employed. With respect to RMSE, MAE, and fore-
cast skill, the weighting method was found to have no sig-
nificant influence on the outcome of the cross-validation.
However, Table 3 clearly shows the reduction in bias for
1998 and 2000 achieved by employing the yearly weighting
method, which alowed more accurate predictions in these
years despite the overall increase in bias. Plots of prediction
error against time (Fig. 8) indicate a definite time structure
in the errors. In 1998, the water temperatures are generaly
underestimated, but in 2000, they are generally overestimat-
ed. In addition, in 1999, three episodes of overestimation
followed by underestimation, each cycle lasting around 2
weeks, produced a triple-peaked pattern (Fig. 8). We suggest
that these short-term cycles occur when the depth of the
epilimnion deviates from its long-term mean. Thus, during
a spell of hot, windless days, the epilimnion is thin and LSTs
are higher than expected (i.e., the errors in Fig. 8 are neg-
ative), whereas on windy days, cooler water from the upper
metalimnion is mixed upward, resulting in lower LSTs than
expected. The results here suggest that each lake is affected
by wind events to a different degree. In particular, the two
lakes near the coast (lakes 48 and 50) appear to be less
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Fig. 9. Comparison of mean daily wind speed (solid line) and
mean daily prediction errors (line with squares) at al lakes. To
enable direct comparison, wind measurements are transformed to
lie between 0 and 1, and prediction errors are transformed to a
maximum amplitude of 1. In 1999, there is a clear correlation be-
tween these two variables.

affected than the others. The daily residuals averaged across
al the lakes are compared with the wind speed measured at
the AWS in 1999 and 2000. Figure 9 shows scaled versions
of these variablesto facilitate comparison. In 1999, it is clear
that the three main wind events correspond, after a time de-
lay, with the three peaks in the prediction error. The pattern
is not as clear in 2000, perhaps because the wind events are
less well defined. However, the effect of wind events on
epilimnion temperatures is dependent on temperatures in the
metalimnion and hypolimnion, implying that knowledge of
the daily temperature profile would be necessary to incor-
porate the effects of wind mixing into the model. Thiswould
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Fig. 8. Time structure in prediction errors. Thin lines indicate the prediction errors at each lake, thick lines indicate the daily mean of

these errors.
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Fig. 10. Validation of the general model at lakes 75 and 76. The big difference in both depth
and area between these two lakes results in large differences in their surface temperatures, which
are reproduced well by the model. Observed data are represented by squares, modeled data by lines.
Note that no water temperature observations are available for lake 75 in 1999.

require a deterministic water temperature model such as that
described in Hondzo and Stefan (1993). For these reasons,
and because wind speed is not as spatially coherent as air
temperature and is therefore not a good empirical predictor
over large regions, wind speed has not been included in this
model.

Another way to test the general model is to compare sur-
face temperature predictions for lakes of very different sizes.
Lakes 75 and 76 have areas of 144 ha and 8.4 ha and max-
imum depths of 47 m and 21 m, respectively. These two
lakes are situated a few meters either side of the AWS.
Therefore, because our estimated air temperatures at these
lakes should be correct and other meteorological effects
identical, the differences in their surface temperatures must
be a result predominantly of differences in their morphom-
etry. The difference in mean temperature caused by their
difference in size is seen easily in Fig. 10, in which the
smaller lake 76 can be seen to have a much higher surface
temperature than the larger lake 75. The substantial differ-
ences in temperature (~4.5°C at the summer peak) are pre-
dicted well by the model.

Discussion

Remarkably little is known about the thousands of lakes
in southwest Greenland. This lack of baseline data makes it

extremely difficult to predict the possible effects of future
climate change in the Arctic on these lakes. Unlike the rest
of the Arctic, southwest Greenland has cooled over the last
40 yr (Hanna and Cappelen 2003). The likely response of
these lakes to this cooling or to a possible future regional
warming is difficult to assess because little is known about
their thermal structure. The monitored and modeled data
generated for some of the lakes in southwest Greenland pro-
vide a valuable baseline dataset to use in humerical models
that can evaluate the effect of possible future climate change
on these lakes. It remains to be determined whether the cool-
ing trend will continue and to what extent the resulting lower
temperatures will be reflected in atered mixing regimes and
lake surface temperatures. A simple data-based model such
as that developed here will have parameters that are partic-
ular to the environmental conditions prevailing at the time
of data collection; therefore, it is unwise to presume that this
model could be used to predict or retrodict LSTs outside of
the model-building time period. This is particularly true for
this region because changes in the proximity of the ice sheet
could dramatically affect LSTs.

The general empirical model developed here is consistent
with the physical principles governing LSTs. The volume of
water responding to external forcing is determined by the
mixing depth (i.e., the depth of the epilimnion). However,
because the mixing depth of each lake is not known, the
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morphometric variables, surface area, A, and maximum
depth D are used to predict the model parameters under the
assumption that the mixing depth is related to lake size and,
hence, will be implicitly included in the empirical equations.
According to Straskraba (1980), the mixing depth of fresh-
water lakes has an upper limit of 20-25 m, which might
explain the presence of the logarithmic function of D in three
of the parameter regression equations. As shown in Fig. 7,
once D = 15 m, InD increases by progressively smaller
amounts, so that an upper limit on the mixing depth is im-
plicitly included.

The smoothing parameter, «, describes the rate of re-
sponse of the water temperature to changes in air tempera-
ture. Physically, this rate of response is controlled predom-
inantly by the mixing depth. The reciprocal of the smoothing
parameter, 7, which is a measure of the time over which the
air temperature is smoothed, is directly proportional to A and
to In D (Eq. 5). Thus, large lakes are predicted to react more
slowly to changes in air temperature (i.e., the response is
averaged over alonger time period) than smaller lakes. This
is in agreement with empirical relationships already deter-
mined relating mixing depth to wind fetch (e.g., Ara 1981,
Shuter et al. 1983; Fee et a. 1996), which imply that larger
lakes generally have a greater mixing depth. The three linear
coefficients of our model (a, b, and c) will interact with each
other to some extent, so it is difficult to draw physical con-
clusions from their relationships with A and D. However,
both the intercept, a, and the air temperature coefficient, b,
are found to be functions of InD (Egs. 6, 7), which might
imply that they are dependent on mixing depth. It is possible
that the intercept (a) is a function of the heat energy stored
within the lake, and therefore represents a *‘base level tem-
perature.” The air temperature coefficient (b) controls the
sengitivity of the LST to air temperature. Thus, Eqgs. 6 and
7 might imply that deep lakes have a higher base level tem-
perature that is less sensitive to changes in air temperature,
as opposed to shallower lakes, which have a low base level
temperature but much larger fluctuations in LST. This hy-
pothesis is supported to some extent because the study lake
with the smallest surface area (lake 48) has a negative value
for the intercept (a) and a high value for the air temperature
coefficient (b = 0.94).

Because the mixing depth of a given lake is determined
by temporally variable loca meteorological driving forces
and lake size, the parameter relationships identified in this
study are presumably to a large extent expressions of re-
gional climate and likely to be specific to southwest Green-
land. That such relationships are at all apparent implies a
large degree of regional coherence in the relevant meteoro-
logical driving forces across the region. The existence of a
high degree of regional coherence in air temperature is ap-
parent from the good correspondence between modeled and
observed air temperatures illustrated in Fig. 3; such model-
ing would not be possible if the air temperatures measured
at the WMO stations were not highly correlated. With regard
to solar radiation, at least during early summer, local mod-
ulation of the clear-sky solar radiation by cloud cover isvery
low because many days are cloudless. Additionally, the lakes
are located in a rolling landscape, so the great majority are
unaffected by local shadowing from cirque walls, which can

considerably lower LSTs (Livingstone et al. 1999). However,
local effects such as turbidity and water color might be im-
portant. Secchi depths in this area range from <2 m to >15
m in lake 75, the clearest of the lakes sampled to date. Dis-
solved organic carbon concentrations are high in the closed
basin lakes (>40 mg L), but these lakes are colorless. Be-
cause there are strong climate gradients over this small re-
gion, the date of ice melt could have a strong influence on
summer LSTs (Anderson and Brodersen 2001). Estimating
LST in years when the date of ice melt differs greatly from
the mean over 1998-2000 could necessitate recalculation of
the model parameters.

Because LST predictions from the general model are high-
ly dependent on the accuracy of the estimated air tempera-
ture, a more exact quantification of altitudinal air tempera-
ture lapse rates in the region would reduce one source of
error. The typical environmental lapse rate globally is
—6.5°C km~%. In Greenland, values of —5°C km~* (Hanna
and Valdes 2001) and —7°C km~* (Thompson and Pollard
1997) have been estimated. The value of —5°C km~* used
in this study might not be accurate, but the bias errorsin the
prediction of LST at each lake were not correlated with al-
titude, implying that the lapse rate is not a significant source
of error. The main source of error in this region appears to
be wind events. Future empirical modeling studies could aim
to include wind data in the relevant equations, but these
would then have to involve nonlinear terms and require more
measured input data.

Numerical process-based lake water temperature models
use classical partial differential equations to describe heat
exchange across the air—water interface and heat transport
within the water column. However, such models are never
entirely deterministic because many empirical relationships
and empirically determined constants are incorporated into
them. Such empirical relationships could be specific to the
region in which they were determined, introducing errors
into simulations conducted in other regions. In addition to
these parameter errors, errors are aso incurred by the dis-
cretization of continuous processes (e.g., humerical diffu-
sion). The numerical simulation models used by Fang and
Stefan (1996) and Stefan et al. (1998) require high-resolution
weather data such as air temperature, dew point temperature,
wind speed, solar radiation, total cloud cover, and precipi-
tation. However, despite the detailed input data, the standard
errors of prediction for the simulated water temperatures of
the North American lakes used in these two studies were
approximately 1.3°C and 1.4°C. Thus, the results obtained
from our simple empirical model with a cross-validation
standard error of only 1°C and only one measured meteo-
rological input variable (air temperature) compare very fa
vorably.

Although automatic dataloggers represent a relatively
cost-effective method of measuring LST, it is still prohibi-
tively expensive to deploy them in the numbers that would
be required to develop a calibration dataset of the type need-
ed for paleolimnological studies (Brodersen and Anderson
2002). A commonly employed alternative, that of spot sam-
ples taken simultaneously with water chemistry, by sediment
sample collection, or by both methods is essentially mean-
ingless given the inherent variability of LST over days and
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weeks (Hann et al. 1992). Given this problem, some studies
have used lapse rate—corrected air temperatures instead of
water temperatures (e.g., Lotter et a. 1997). Although clear-
ly superior to spot samples, given the complex relationship
between air and water temperatures, air temperatures might
not reflect the ambient water temperature sufficiently well.
The model developed here represents an alternative ap-
proach. Given the robustness of the model, it permits the
estimation of LST for a whole suite of lakes within a given
region, with good error statistics. Unfortunately, at the ex-
tremes of the area near the coast or ice sheet, the model
cannot be applied because of the large uncertainties in air
temperature estimations. However, the modeling approach
detailed here could also be useful in other similarly remote
regions with large numbers of lakes, such as northern Fin-
land, Siberia, and northern Canada.

In summary, a general model for daily summer surface
temperatures of lakes in southwest Greenland has been de-
veloped and validated. The only measured data required for
this model are local daily mean air temperatures and lake
size. Despite the small amount of input data required, the
cross-validation errors from this model compare favorably
to those produced from complex process-based models re-
quiring large amounts of accurate high-resolution data.

Discrepancies between the modeled and observed water
temperatures might result from inaccurate estimation of local
air temperature, or from meteorological conditions that result
in significant changes to the thermal stratification of the lake.
In particular, strong wind events cause cold water to be
mixed upward, creating cooler surface water temperatures,
and conversely, calm warm periods alow strong stratifica-
tion, creating warmer surface water temperatures.

The four model parameters are found to relate (in some
cases logarithmically) to lake surface area and maximum
depth. Therefore, surface water temperatures can be pre-
dicted with aknowledge of only air temperature, lake surface
area, and maximum depth.
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