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Abstract: The goals of the study were: (i) To describe the distribution of summer near-surface water
temperatures in lakes of the coterminous United States and southern Canada (ii) to determine the
geographic, meteorological and limnological factors related to summer water temperatures and (iii)
to develop and test predictive models for summer near-surface water temperatures. We used data
from the United States National Lakes Assessments of 2007 and 2012 as well as data collected from
several different studies of Canadian lakes. Using multiple regressions, we quantified the general
observations that summer water temperatures decreased when going from south to north, from east
to west, and from lower elevations to higher elevations. Our empirical model using 8-day average air
temperatures, latitude, longitude, elevations and month was able to predict water temperatures in
individual lakes on individual summer days with a standard deviation of 1.7 ◦C for United States
lakes and 2.3 ◦C for lakes in the southern regions of Canada.

Keywords: empirical temperature models; climate gradients; North American lakes; air and water
temperature relationship; effects of latitude and elevation lake temperatures

1. Introduction

Summer near-surface lake water temperatures in lakes are highly important to physical, chemical
and biological properties of lakes, including lake stratification [1], likelihood of algal blooms [2,3] and
distribution of aquatic plants and animals [4]. Near-surface summer water temperatures are warming
in lakes worldwide, with over 90% of observed lakes exhibiting warming trends [5–8]. For example,
warmer near-surface water temperatures in north temperate lakes are contributing to the northward
range expansion of warmwater fishes, such as the smallmouth bass [9,10]. Concurrently, coolwater
and coldwater fishes, such as walleye and lake trout, are declining in abundance owing to the loss of
suitable thermal habitat and novel competitive interactions with smallmouth bass [11–13].

The mechanistic drivers of near-surface water temperatures are well established [14–16].
For example, Hondzo and Stefan [17] used mean daily values for six meteorological variables,
specifically solar radiation, air temperature, dew point temperature, wind speed, wind direction and
precipitation to estimate near-surface water temperatures for Minnesota lakes. Empirical studies have
suggested that air temperatures are the most important factor explaining water temperatures, such that
water temperatures tend to be higher in lakes found in warmer regions [14,18–20]. Latitudinal and
altitudinal gradients in air temperature and solar radiation reflect the importance of lake geography in
explaining near-surface water temperatures [6,15]. It is generally understood that lakes in southern
latitudes are warmer than those in the north, and that those lakes located at higher elevations are cooler
than those at lower elevations.
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Lake morphometry and water chemistry have also been shown to be important determinants of
summer near-surface water temperatures within a lake [8,20–22]. For example, smaller and shallower
lakes are expected to have higher epilimnion water temperatures than larger and deeper lakes [8,21].
Water chemistry, particularly those indicators related to water clarity, including Secchi depth, dissolved
organic carbon and turbidity have been shown to be significant predictors of epilimnion water
temperatures at local and regional scales, whereby clearer lakes tend to be warmer [20,21].

In recent years many models have been developed to simulate water temperatures for individual
lakes [16,23–25] that are based on the physics of heat balances in lake waters. For example, Piccolroaz
et al. [24] developed a hybrid model called air2water that can reproduce lake water temperatures at
different depths in a study lake for any day of the year and has applied it to Lake Tahoe [26] and Lake
Superior [16]. For each lake there is a calibration period of several years where lake data is gathered on
air and water temperatures as well. The results of this model produce comparisons of predicted and
measured water temperatures with an RMSE of about 0.59 ◦C. Other models have similar requirements
for multi-year calibration periods to develop a simulation model for an individual lake.

Our study started with a serendipitous discovery of correlations between summer surface water
temperatures and latitude, longitude and elevation above sea level for a large sample of lakes in
the United States collected in the months of June, July, August and September of 2007 and 2012.
We followed up on this with a multiple regression and found that we could predict the summer surface
water temperatures in these lakes with an RMSE of about 2.7 ◦C using inputs of latitude, longitude
and elevation alone. This was a surprising result, so we expanded on these results by adding data
on air temperatures above the study lakes and by extending our sample to include lakes in southern
portion of Canada.

The overall goal of our study was to develop a widely applicable model to calculate near-surface
water temperatures on any summer day for lakes in the coterminous United States and Canada.
Specifically, our objectives were three-fold to: (i) Describe the distribution of summer near-surface
water temperatures in Canadian and United States lakes; (ii) identify some of the geographic,
meteorological and limnological factors related to summer near-surface water temperatures and (iii)
develop and validate empirical models for summer near-surface water temperatures for lakes in the
United States and Canada. Although empirical models exist at local [16,27], regional [19,22] and
national scales [20], to our knowledge, this is the first study to develop empirical models using readily
available lake information, including geography and climate for inland lakes at the continental scale
across Canada and the United States.

2. Materials and Methods

2.1. United States Lakes

We used the water temperature data for United States lakes sampled by the United States
Environmental Protection Agency (USEPA) as a part of their programs of National Lake Assessment
(NLA) of 2007 and 2012 [28,29]. They used lakes identified in the National Hydrography Dataset [30] as
a basis and selected the sample lakes with a stratified random sampling technique [31]. The lakes were
located in the 48 coterminous states (Figure 1). The same equipment and protocols were used to sample
each lake, and a large amount of metadata is also available on geographic locations and limnological
characteristics of the sampled lakes. The sampling program was designed to yield a representative
picture of lakes in the coterminous United States. The sample included both natural and manmade
lakes but excluded the Laurentian Great Lakes. Candidate lakes in 2007 were greater than 4 ha in
surface area, at least 1 m deep and with at least 0.1 ha of open water. The 2012 survey used a minimum
size of 1 ha in surface area. The majority of the samples were taken in the months of June, July,
August and September. We did not include the small number of samples collected in May and October.
In addition to the randomly selected lakes we also included data from a smaller number of lakes
selected by USEPA as reference lakes. We, however, did not use the proportionality weighting factors,
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so each lake sample had an equal weight in our calculations. Some of the lakes were sampled in both
years, and some lakes were sampled twice in the same year, but we only used the data collected for
the first visit in each year. For each lake a temperature profile was obtained at the deepest point in
the lake. From the profiles we recorded the measured water temperatures at 1 m. For each lake we
also used NLA information on latitude, longitude, elevation, surface area, maximum depth, turbidity,
Secchi depth and water color. We had 1905 United States lakes in our final sample.

For each lake we extracted data for the mean air temperatures for the day of sampling and for
each of the preceding nine days. These were obtained from the PRISM Climate group, Oregon State
University http://prism.oregonstate.edu, created 12 May 2018. Their website allows one to obtain mean
daily air temperatures and other meteorological data based on a grid of 30-arcseconds of latitude and
longitude. The cells are about 900 m × 700 m in size [32].

2.2. Canadian Lakes

Since there has been no survey of lakes in Canada comparable to the NLA, we used data collected
by different studies during the period 1943 through 2011 (Figure 1). We obtained water temperatures
at 1 m, latitudes, longitudes and elevations for 10,831 lakes [20]. We compared the latitudes and
longitudes of each of the sample lakes with the latitudes and longitudes of 1011 weather stations
in the Environment Canada data base (https://data.edmonton.ca/Environmental-Services/Weather-
Station-Locations-Environment-Canada/q8e4-6g4e) to identify lakes within 25 km of a weather station.
We searched for lakes having air temperature data at the time of lake sampling and for the previous nine
days. We also removed lakes north of 67◦ N, because there was a dearth of information and only a few
lakes. We noted that lakes in the provinces of Ontario and Nova Scotia were greatly overrepresented
in our sample of Canadian lakes, so we randomly selected 12% of the lakes from each of those two
provinces, an amount about equal to the number of lakes from other provinces, resulting in us having
750 Canadian lakes in our final sample.

2.3. Data Analyses

We combined the data from the Canadian and United States lakes into a single dataset with 2655
lakes. This includes 750 Canadian lakes plus 1219 individual lakes in the United States plus data from
686 United States lakes sampled in both 2007 and 2012. We calculated average air temperatures for
periods of one through ten days prior to and including the day of sampling for each lake. We used these
data in regression analyses between measured lake water temperatures and each of the 10 average
air temperatures to identify which number of days (eight days) to use in our predictive equations.
We also used simple regression analyses with the entire data set to identify relationships between lake
temperatures, latitude, longitude and elevation and average air temperatures at each lake. Since the
United States lakes had data on several additional limnological variables, we used that data set in
a forward stepwise multiple regression of water temperatures as the dependent variable and air
temperatures, latitude, longitude, lake origin (natural or man-made), elevation, surface area, maximum
depth, turbidity, Secchi depth and water color as independent variables. For the Canadian lakes we
added the year of sampling as an additional variable since about 98% of the samples were collected
from 1967 to 2010. When each variable was added to the regression, we recorded the probability that the
variable was statistically significant, the coefficient of determination (R2), the root-mean-squared-error
(RMSE) and the Akaike information criterion (AIC). In our final equations we only included variables
that were statistically significant (p < 0.05), reduced the AIC when they were added to the equation
and whose inclusion resulted in a substantial decrease in the root-mean-squared-error (RMSE) of the
predicted water temperature. We used the JMP software, v7.0 (SAS Institute Inc., Cary, NC, USA) [33]
for all of our statistical summaries and analyses.

http://prism.oregonstate.edu
https://data.edmonton.ca/Environmental-Services/Weather-Station-Locations-Environment-Canada/q8e4-6g4e
https://data.edmonton.ca/Environmental-Services/Weather-Station-Locations-Environment-Canada/q8e4-6g4e
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dataset. The combined training data were used to construct a multiple regression model to identify 
relationships between lake water temperatures and 8-day average air temperatures leading up to 
and including the lake sampling day, latitude, longitude, elevation and month (numbered 6 through 
9) for the combination of Canadian and United States lakes. We used the testing dataset to test how 

Figure 1. (A) Water temperatures measured at 1 m in in depth in lakes at some time in the months of
June, July, August and September. (B) Average July air temperatures in the period 1981–2010 at stations
near lakes with water temperature data.

Subsequently, we used a random process to divide the United States and Canadian datasets,
so that 50% of the lakes from each country were placed in a training dataset and 50% were in a testing
dataset. The combined training data were used to construct a multiple regression model to identify
relationships between lake water temperatures and 8-day average air temperatures leading up to and
including the lake sampling day, latitude, longitude, elevation and month (numbered 6 through 9)
for the combination of Canadian and United States lakes. We used the testing dataset to test how
well the resulting model predicted water temperatures. We ran a regression of the measured water
temperatures against the predicted temperatures and evaluated the R2 and RMSE of the regression.
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This was done for the combination of lakes from Canada and the United States and also for lakes from
the two countries separately but using the same predictive equation.

We also were interested in determining if better predictive equations could be obtained for the
lakes in the two countries separately. We used the training datasets for each of the countries to run
multiple regression analyses of water temperatures versus 8-day average air temperatures leading
up to and including the lake sampling day, latitude, longitude and elevation, and separately for
measurements made in the months of June, July, August and September. The predicted values were
then evaluated with the testing dataset with regressions of measured versus predicted temperatures as
we had done with the common equations.

Since air temperatures were very important in determining water temperatures, we were interested
in learning if the geographic distribution of average air temperatures were related to the distribution of
the summer water temperatures. As an example, for each lake we chose the average air temperatures
in the month of July for the 30-year period 1981 to 2010. For the 1905 United States lakes these data
were available from the same PRISM website we used to find daily air temperatures. For the Canadian
lakes we again used the Environment Canada website to find the 30-year monthly averages for July
from weather stations within 25 km of the sample lakes. We could not find 30-year average July air
temperature for all of the Canadian lakes in our study.

3. Results

Summer temperatures at 1 m in lakes of the coterminous United States and Canada varied with
latitude, longitude and elevation (Figure 2a–c). Water temperatures tended to increase moving from
west to east and also in going from north to south. They tended to be greatest at low elevations and
decreased with increasing elevations. We noted the elevations of the lakes tended to be highest in
the western parts of the United States and Canada reflecting the location of the western mountains
(Figure 2d). The measures of longitude, latitude and elevation are all related to each other and were
included in the predictive equations (Table 1). The basic data used in this study are presented in
Table S1.

Table 1. Pearson correlation coefficients for relationships between summer water temperatures at 1-m
in depth in United States lakes and lake latitudes, longitudes and elevations. All relationships were
statistically significant (p < 0.01).

Variable Longitude Latitude Elevation

Temperature 0.44 −0.52 −0.64
Longitude - −0.15 −0.58
Latitude - - 0.10

Confirming the results of others [16,23–26,34–38], air temperatures were related to water temperatures
(Figure 2e). The R2 values of the regressions of water temperatures on averaged air temperatures
increased going from averages of 1 day to 7 days and then remained constant at an R2 of 0.75 for
averages of 7 to 10 days (Table 2). Thus, we used the 8-day average of air temperatures leading up to
and including the lake sampling day in all of our models.

When we used the United States lake data and the stepwise multiple regression to look for factors
related to water temperatures, we found that after accounting for 8-day average air temperatures
leading up to and including the lake sampling day, latitude, longitude and elevation the addition of
surface area, maximum depth, turbidity, Secchi depth, lake origin or water color produced only very
limited improvements in the predicted temperatures, so we did not use those limnological factors in
our models (Table 3). Sharma et al. [20] also found that lake morphometry did not play a substantial
role in predicting lake temperatures at broad spatial scales. As others have noted, the lack of a depth
effect may be due to the fact that during summer stratification the thermal inertia is small [23,26,37–39].
For the Canadian lakes we found that once we had accounted for the 8-day air temperature, latitude,
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longitude, elevation and month the addition of the year of sampling did not significantly reduce the
AIC or the RMSE (Table 4). Seemingly our Canadian equation is valid for the period of about 1967
through 2010.

Table 2. Relationship between measured water temperatures and air temperatures averaged over
different number of days based on regressions using both Canadian and United States lakes.

Number of Days in Average of Air Temperatures R2

1 0.66
2 0.70
3 0.71
4 0.73
5 0.74
6 0.74
7 0.75
8 0.75
9 0.75

10 0.75

Table 3. Results of a stepwise forward multiple regression for the United States lakes. The variables are
listed in the order of their selection for the model and for each variable we have listed the probability
that it is statistically significant, the coefficient of determination (R2), the root-mean-squared-error
(RMSE) and the Akaike information criterion (AIC).

Variable Probability R2 RMSE AIC

8-day air
temperature <0.0001 0.75 2.08 7560.4

Elevation <0.0001 0.82 1.79 7045.2
Longitude <0.0001 0.83 1.72 69.05.4
Latitude <0.0001 0.84 1.69 6838.2

Secchi depth <0.0001 0.84 1.67 6791.3
Water color <0.0001 0.84 1.66 6771.5
Turbidity <0.0001 0.85 1.65 6756.8

Lake origin
(natural or
manmade)

0.0032 0.85 1.64 6750.1

Surface area 0.0155 0.85 1.64 6746.2
Maximum depth 0.5140 0.85 1.64 6747.8
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Figure 2. Measured water temperatures at 1 m for lakes in Canada and the United States sampled in
the months of June, July, August and September plotted against each lake’s (a) latitude, (b) longitude
and (c) elevation. (d) The elevations of the lakes in the sample are plotted against longitude. (e) The
water temperatures are plotted against the 8-day average air temperatures for each lake.
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Table 4. Results of a stepwise forward multiple regression for the Canadian lakes. The variables are
listed in the order of their selection for the model and for each variable we have listed the probability
that it is statistically significant, the coefficient of determination (R2), the root-mean-squared-error
(RMSE) and the Akaike information criterion (AIC).

Variable Probability R2 RMSE AIC

8-day air temperature <0.0001 0.55 2.26 3354.9
Latitude <0.0001 0.57 2.22 3328.5

Longitude 0.001 0.58 2.20 3315.4
Year 0.1959 0.58 2.20 3315.7

The common predictive equation (Equation (1), Table 5) for both United States and Canadian
lakes could be used to estimate the water temperatures at 1 m of our sample lakes for any day in the
months of June, July, August and September. For the United States lakes this common equation was
easy to apply for the years of 1981 to the present due to the air temperature data for individual lakes at
the PRISM website. For Canadian lakes use of the equation would depend on the availability of air
temperature records from a nearby weather station.

Table 5. Empirical relationships with lake water temperatures at 1 m depth for lakes in Canada and the
United States sampled in the months of June–September where T (◦C) is a measured water temperature
at 1-m, Long is the longitude of the lake, Lat is the latitude of the lake, Elev is the elevation above
sea level (m) of the lake, Air is the 8-day average air temperature (◦C) at the lake ending on the day
of sampling and Mon are the summer months (6, 7, 8 and 9) listed in order. Equation numbers are
in parentheses.

Data Set Regression Equation Equation #

Combined lakes from United States and Canada
T= 16.14 + 0.673Air − 0.0846Lat + 0.0172Long − 0.00131Elev − 0.147Mon (1)

United States lakes
June T = 24.67 + 0.521 Air − 0.202 Lat + 0.0320Long − 0.00202 Elev (2)
July T = 22.79 + 0.489 Air − 0.0822 Lat + 0.0478Long − 0.00199 Elev (3)

August T = 21.70 + 0.592 Air − 0.123 Lat + 0.0529Long − 0.000968 Elev (4)
September T = 20.04 + 0.551 Air − 0.204 Lat − 0.00167 Elev (5)

Canadian lakes
June T = 10.21 + 0.590 Air (6)
July T = 16.79 + 0.616 Air − 0.143 Lat − 0.00150 Elev (7)

August T = 23.18 + 0.526 Air − 0.244Lat (8)
September T = 4.17 + 0.934 Air (9)

When the measured water temperatures in lakes from both the United States and Canada were
regressed on the predicted water temperatures obtained using the common equation and the testing
data set (N = 1327) the R2 was 0.81 and the RMSE was 1.9 ◦C indicating a good fit (Table 6 Figure 3).
Applying the same equation to the United States lakes alone yielded a better fit (R2 = 0.83, RMSE = 1.7 ◦C)
than when the common equation was applied to the Canadian lakes alone (R2 = 0.58, RMSE = 2.3 ◦C;
Table 6, Figure 3).

As an alternative to a single equation for lakes in both countries including all four months,
separate equations were developed for the lakes in each country for each of the four summer months.
For the United States lakes, the variables for 8-day average air temperatures leading up to and
including the lake sampling day, latitude, longitude and elevation were significant for June, July and
August, but longitude was not important for the September data (Table 5). For the Canadian lakes
the only significant independent variable for June and September was the for 8-day average air
temperature. For July the air temperatures, latitude and elevation were significant and for August only
air temperatures and latitude were significant (Table 5). For the lakes in both countries the separate
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equations gave slightly better fits between the measured water temperatures and those calculated from
the multiple regression equations (Table 6). As was the case for the common equation, the fits were
better for the United States lakes (R2 = 0.84, RMSE = 1.7 ◦C) than for the Canadian lakes (R2 = 0.60,
RMSE = 2.2 ◦C) when the results for all four months are combined (Table 6, Figure 4).
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A visual comparison of the summer water temperatures (Figure 1a) with the 30-year average
monthly air temperatures for July (Figure 1b) indicates that they have similar distributions. Average air
temperatures decrease moving from south to north, from east to west and with increases in elevation.

Table 6. Strength of relationships between predicted water temperatures (◦C) at 1-m in United States
and Canadian lakes based on regressions of measured water temperatures on predicted temperatures
using the testing data sets. The common equation was first applied to the Canadian and United States
lakes combined and the same equation was then applied to the Canadian and United States lakes
separately. Separate equations were developed by month for the Canadian lakes and the results are
presented for all months combined and for the four summer months separately. The same was done for
the United States lakes.

Equation and Location N R2 RMSE Equations

Common equation for Canadian and United States Lakes 1327 0.81 1.9 (1)
Common equation applied to Canadian lakes 375 0.58 2.3 (1)

Common equation applied to United States lakes 952 0.83 1.7 (1)
Canadian equations applied to all months 375 0.60 2.2 (6)–(8)

Canadian equations applied to June 83 0.54 2.1 (6)
Canadian equations applied to July 148 0.46 2.2 (7)

Canadian equations applied to August 116 0.47 2.1 (8)
Canadian equations applied to September 28 0.48 2.9 (9)

United States equations applied to all months 952 0.84 1.7 (2)–(5)
United States equations applied to June 192 0.84 1.7 (2)
United States equations applied to July 325 0.80 1.5 (3)

United States equations applied to August 300 0.84 1.6 (4)
United States equations applied to September 135 0.84 1.9 (5)

4. Discussion

Our study provided a picture of the distribution of summer water temperatures at 1 m depth for
lakes in the coterminous United States and in the southern part of Canada. We quantified well-known
ideas that lakes in the north were colder than those in the south, lakes at higher elevations were colder
than those at lower elevations and that lakes in the western states and provinces tended to be cooler
than those in the East, most likely because they were located in regions with higher elevations.

We developed an empirical equation (#1, Table 5) that could be used to hindcast water temperatures
at 1 m using information on the average air temperatures for 8-days including the day of interest
plus the latitude, longitude, elevation above sea level and the month of sampling. When testing the
equation with a data set of lakes from both the United States and Canada not used to develop the
equation, the RMSE for a calculated water temperature was 1.9 ◦C (Table 6). Applying the equation to
just the Canadian lakes gave a RMSE of 2.3 ◦C, while applying the equation to United States lakes
alone yielded a RMSE of 1.9 ◦C. Slightly better results were obtained when separate equations were
developed for the lakes in each country and for each of the months of June, July, August and September
(Table 5). In these cases the RMSE values for the Canadian lakes were 2.2 ◦C and for the United States
lakes 1.7 ◦C (Table 6). For comparison, in a study of maximum summer water temperatures in a large
sample of Canadian lakes Sharma et al. [20] developed multiple regressions using 4, 9, 10 and 17
predictive variables and found RMSE values of 2.7 ◦C, 2.4 ◦C, 2.3 ◦C and 2.4 ◦C respectively.

The plots of our calculated temperatures versus measured temperatures (Figures 3 and 4) were
relatively tight with RMSE values from 1.7 to 2.3 ◦C (Table 6) considering all of the factors involved
in lake heating and cooling and the fact that the field measurements of lake temperatures could be
taken at different times of day. It is noted that the equations used here are for predictions of daily
water temperatures for lakes distributed over a very large geographic area. Others have developed
predictive equations for single lakes or small groups of lakes in the same region with greater precision
than our models [40].
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The differences in precision for the calculated water temperatures between the United States and
Canadian lakes that were present both when the same equation was used for both sets of lakes and
when separate equations were developed for each country (Table 6) might reflect the fact that the
United States lakes were sampled only in the summers of 2007 and 2012 by one organization with
the same methods and equipment, while many different investigators collected the Canadian lake
data over many different years with no standardized methodology. Further the lakes in the United
States were mostly selected using a randomized process ensuring good geographic coverage of United
States lakes. The Canadian lakes were not randomly selected and tended to be concentrated in the
southern part of the country. There were also few Canadian lakes at elevations above 1000 m, resulting
in elevation not being a significant factor for three of the four summer months (Table 5). A more
complete data set might produce a more precise equation for these lakes.

One of the goals of this study was to develop predictive equations for hindcasting lake water
temperature at 1 m for any day in the months of June, July, August and September for lakes in
the coterminous United States and the southern portions of Canada. We found that the mean air
temperatures at a lake of from seven to 10 days prior to and including the sampling day gave the best
correlations between water and air temperatures (Table 2). Many other investigators have also found
relationships between air and water temperatures for annual [18], monthly [41] and daily [15,19,42]
periods and peak summer temperatures [43]. Others have used longer time periods in their averages
when working with one or a smaller group of lakes. We also found that the precision of the predicted
value was improved when the geographic variables of latitude, longitude and elevation above sea
level were included with the air temperatures in a multiple regression. Others [42] have quantified the
effect of increasing elevations on decreases in lake water temperatures. We also noted that as longitude
progressed westward, the lake elevation increased as well, which probably explained the longitudinal
effect. Latitude would be related to gradients in incident solar radiation [44]. We also noted that the
distribution of mean air temperatures in July for the period 1981–2010 mirrors the general distribution
of near-surface water temperatures for our study lakes in the summer months (Figure 1).

It should be noted that we are dealing with an empirical relationship and not a direct cause
and effect relationship between lake-water and air temperatures. For lakes the main heat exchange
processes across the air–water interface are the absorption of direct and diffuse short-wave solar
radiation, the absorption 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 conductive
exchange of sensible heat [14,24]. Kettle et al. [15] points out that air temperatures are causally involved
in all these heat exchange processes except the absorption of solar radiation and the emission of
long-wave radiation from the lake surface. Further, air temperatures are often correlated with relative
humidity and cloud cover.

Others have found that lake morphometry and water chemistry are also important determinants
of summer near surface temperatures within a lake [8,16,20–23,35]. For example, smaller and shallower
lakes are expected to have higher near-surface water temperatures than larger and deeper lakes [8,21].
Water chemistry, particularly those indicators related to water clarity, including Secchi depth, dissolved
organic carbon and turbidity have been shown to be significant predictors of near-surface water
temperatures at local and regional scales, whereby clearer lakes tend to be warmer [20,22]. For our
data set we did not find that these factors were important once we had accounted for air temperature,
latitude, longitude and elevation. The difference most likely is due to the scale of our study that
covers a major portion of the North American continent. Studies of smaller groupings of lakes in more
restricted areas may show the effects of these other variables.

The United Sates lakes examined in this study included both natural and manmade lakes and
both kinds of lakes followed the same predictive equation. The exception would be artificial lakes
that had large water inflows relative to their volume. We found such an example in Gorge Lake,
Washington (Lat. 48.69, Long. −121.01) where the predicted temperature was 21.7 ◦C but the measured
temperature in July was 9.9 ◦C, the largest difference in our data set. Gorge Lake is the last of a series
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of three hydroelectric impoundments on the Skagit River (Personal Communication, Ed Connor).
The upstream reservoir is called Ross Lake (Lat. 48.82 Long. −121.04) and is fed by streams originating
in glaciers and snowfields in the Cascade Mountains. It is large and deep (160 m) with a water residence
time of over six months and has an extensive hypolimnion that is around 7 ◦C year-round. Water is
released from Ross Lake from a depth of about 56 m and flows into Diablo Lake (Lat. 48.71 Long.
−121.11), which has a residence time of about 11 days, so there is little opportunity for the water to
warm before it flows into Gorge Lake with a residence time of less than one day. In this case the water
temperatures in Gorge Lake are determined more by the temperatures in the inflowing water than
ambient air temperatures.

The ability to estimate the summer near-surface water temperatures over a large geographic area
is an addition to the toolbox of the quantitative limnologist and helps them to understand differences
among lakes. Our equations should be of value in determining the distribution of species of fish and
other aquatic organisms that are limited to a certain temperatures range. The equations may also be
of utility in analyzing past records of fish populations over time and in testing hypotheses about the
effects of temperature on growth and reproduction.

We would emphasize that we are using a different approach for estimating near-surface water
temperatures from those used in many other studies that directly involve several physical processes
involved in determining water temperatures and also involve a multi-year calibration period for each
lake to be investigated [23,24,26,34]. Most of those models have a better agreement between predicted
and measured water temperatures and can be used with several depths and for all days of the year.
In contrast our method is empirical, works only for the months of June, July, August and September and
has a larger error in the predicted values. Its advantage is that it can be used in lakes for which there
are no calibration data. As such it can give a broad picture of the distribution of summer near-surface
water temperatures, which should be useful in studies on the distributions of aquatic organisms.

Others have used models to look at the effects of climate change. Hondzo and Stefan [45] used
lake models based on climatic factors to predict the effects of climate change on the thermal properties
of lakes in the north central United States. Robertson and Ragotzkie [46] used both mechanistic and
empirical models to estimate changes in the thermal structure of moderate to large sized lakes in
the United States and Canada while Minns et al. [43] developed empirical models to forecast the
impact of climate changes on the magnitude and time of occurrence of annual peak surface water
temperatures of large lakes in Canada. This is important because others have indicated that lake
surface summer water temperatures are warming worldwide over the past 25 years, with over 90% of
observed lakes exhibiting warming trends since 1985 [5,6]. For example, warming water temperatures
in north temperate lakes are contributing to the northward range expansion of warmwater fishes,
such as the smallmouth bass [9,10]. Concurrently, coolwater and coldwater fishes, such as walleye
and lake trout, are declining in abundance owing to the loss of suitable thermal habitat and novel
competitive interactions with smallmouth bass [11–13].

Piccolroaz et al. [16] caution about the use of air-water regression models for future predictions of
water temperatures when applied with air temperature ranges beyond the limits of the times series
used for model calibration. In our case the model for Canadian lakes was calibrated with 98% of the
water temperature data collected in the period 1967 through 2010. While this might have contributed
to the errors of prediction, we did not find that the year of sampling had a significant effect on the
predictions once we had accounted for air temperatures, latitude, longitude, elevation and month.
The Canadian models should be valid for hindcasting water temperatures in the period 1967–2010.
The models for the United States lakes were based on data collected in 2007 and 2012, so it is unknown
how well they would perform for hindcasting water temperatures outside of that time period.

Supplementary Materials: The following is available online at http://www.mdpi.com/2076-3263/9/7/296/s1,
Table S1: Data used for the statistical analyses in this study.
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