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Global	air	temperature	shows	
long-term,	nonlinear	warming	

Source:	NCDC	



(Magnuson	et	al.,	
2000;	Science)	

Global	trends	in	freeze	/	thaw	dates	

Lakes	are	responding,	and	losing	ice	



spatial patterns between the JAS inland water and JAS air
temperature trends (the JFM GISTEMP map is not shown
due to the small number of stations for which JFM means
were computed). The spatial patterns between the two da-
tasets show good agreement. In particular over Eurasia the
strong warming in northern and eastern Europe as well as
the hotspot in southern Siberia and Mongolia are apparent.
In North America, the warming trend around the Great
Lakes region is not as apparent in the air temperature trends
map. The warming in the southwestern U.S. corresponds
fairly well with a ridge of strong warming in the GISTEMP
JAS map. The inland water trends in the low latitudes are
weaker and similar to those found in the GISTEMP analysis
for the same region. While the spatial patterns of water
surface and air temperature trends generally agree, there are
areas (e. g. around the Great Lakes and in Northern Europe)
in which the water bodies appear to warm more rapidly than
the surrounding air temperature. This effect has been
documented previously in studies using satellite [Schneider
et al., 2009] and in situ measurements [Austin and Colman,
2007]. The latter authors suggest that the more rapid water
temperature trends are due to decreasing winter ice cover
and the associated lower albedo. Apart from an investigation
of similarities in spatial patterns, a quantitative analysis of
differences in water and air temperature trends revealed a

correlation between the two parameters of r = 0.42. This
relatively weak relationship indicates that changes in inso-
lation, ice cover, and other factors are important contributing
factors in explaining the spatial patterns found.
[17] Figure 1b shows the overall mean anomaly of JAS/

JFM nighttime inland water surface temperature over all
study sites as compared to the 1985–2009 mean. Features
such as the 1992/1993 cooling due to aerosols from the Mt.
Pinatubo eruption and the warm anomaly in 1998 caused by
the strong El Niño event are clearly visible in the time series.
From the mean data set we found an overall linear warming
trend of 0.045 ± 0.011°C yr−1 (p < 0.001). This trend is
dominated by the large number of water bodies in the mid‐
latitudes of the northern hemisphere. A mean trend over all
sites with northern and southern hemisphere (0.052°C yr−1

and 0.023°C yr−1, respectively) weighted equally was
determined as 0.037 ± 0.011°C yr−1 and this rate is very
similar to global trends derived from land‐surface air tem-
perature data for the same period [Smith and Reynolds,
2005; Hansen et al., 2006].

4. Conclusion

[18] Nighttime satellite imagery was used to study recent
trends in the surface temperatures of large inland water

Figure 2. (a) Worldwide trends in nighttime lake surface temperature derived from satellite data. JAS trends were com-
puted for all sites located north of 23.5°N and between 0°and 23.5°S, while JFM trends were computed for all sites located
south of 23.5°S and between 0°and 23.5°N. (b) Corresponding map of worldwide JAS trends in surface air temperature
from GISTEMP [Hansen et al., 2006]. JFM GISTEMP map is not shown due to the small number of JFM sites.

SCHNEIDER AND HOOK: WARMING OF INLAND WATER BODIES L22405L22405

4 of 5

Schneider, P., and S. J. Hook (2010), Geophys. Res. Lett., 37. 

Lake	surfaces	are	warming	



spatial patterns between the JAS inland water and JAS air
temperature trends (the JFM GISTEMP map is not shown
due to the small number of stations for which JFM means
were computed). The spatial patterns between the two da-
tasets show good agreement. In particular over Eurasia the
strong warming in northern and eastern Europe as well as
the hotspot in southern Siberia and Mongolia are apparent.
In North America, the warming trend around the Great
Lakes region is not as apparent in the air temperature trends
map. The warming in the southwestern U.S. corresponds
fairly well with a ridge of strong warming in the GISTEMP
JAS map. The inland water trends in the low latitudes are
weaker and similar to those found in the GISTEMP analysis
for the same region. While the spatial patterns of water
surface and air temperature trends generally agree, there are
areas (e. g. around the Great Lakes and in Northern Europe)
in which the water bodies appear to warm more rapidly than
the surrounding air temperature. This effect has been
documented previously in studies using satellite [Schneider
et al., 2009] and in situ measurements [Austin and Colman,
2007]. The latter authors suggest that the more rapid water
temperature trends are due to decreasing winter ice cover
and the associated lower albedo. Apart from an investigation
of similarities in spatial patterns, a quantitative analysis of
differences in water and air temperature trends revealed a

correlation between the two parameters of r = 0.42. This
relatively weak relationship indicates that changes in inso-
lation, ice cover, and other factors are important contributing
factors in explaining the spatial patterns found.
[17] Figure 1b shows the overall mean anomaly of JAS/

JFM nighttime inland water surface temperature over all
study sites as compared to the 1985–2009 mean. Features
such as the 1992/1993 cooling due to aerosols from the Mt.
Pinatubo eruption and the warm anomaly in 1998 caused by
the strong El Niño event are clearly visible in the time series.
From the mean data set we found an overall linear warming
trend of 0.045 ± 0.011°C yr−1 (p < 0.001). This trend is
dominated by the large number of water bodies in the mid‐
latitudes of the northern hemisphere. A mean trend over all
sites with northern and southern hemisphere (0.052°C yr−1

and 0.023°C yr−1, respectively) weighted equally was
determined as 0.037 ± 0.011°C yr−1 and this rate is very
similar to global trends derived from land‐surface air tem-
perature data for the same period [Smith and Reynolds,
2005; Hansen et al., 2006].

4. Conclusion

[18] Nighttime satellite imagery was used to study recent
trends in the surface temperatures of large inland water

Figure 2. (a) Worldwide trends in nighttime lake surface temperature derived from satellite data. JAS trends were com-
puted for all sites located north of 23.5°N and between 0°and 23.5°S, while JFM trends were computed for all sites located
south of 23.5°S and between 0°and 23.5°N. (b) Corresponding map of worldwide JAS trends in surface air temperature
from GISTEMP [Hansen et al., 2006]. JFM GISTEMP map is not shown due to the small number of JFM sites.

SCHNEIDER AND HOOK: WARMING OF INLAND WATER BODIES L22405L22405

4 of 5

Schneider, P., and S. J. Hook (2010), Geophys. Res. Lett., 37. 

Lake	surfaces	are	warming	

“hotspots”	



•  Changes	in	lake	evapora6on,	which	also	affects	…		
	

-	Water	balance	
-	Temperature	
-	StraLficaLon	
-	Lake	chemistry	
-	VerLcal	mixing	
-	Lake	ecology	

Other	impacts	are	becoming	evident	



•  Varia6ons	in	lake	level,	which	also	affects	…	
	

-	Water	quality	/	municipal	water	supplies	
-	RecreaLonal	boaLng	/	fishing	
-	Shoreline	erosion	/	flooding	
-	Commercial	shipping		
-	Lake	ecology	
-	Hydropower	
-	Tourism	

Other	impacts	are	becoming	evident	
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Lake	Superior	is	warming	rapidly	
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Figure$ 1.$ Four% years% of% cumula.ve% evapora.on% from% Lake% Superior,% using% direct%
meteorological% measurements% at% Stannard% Rock% lighthouse.% Each% annual% curve%
begins% at% the% date% of% ice% breakup% and% con.nues% through% the% remainder% of% the%
evapora.on% season.%Note,% in% par.cular,% the%much%higher% total% evapora.on%during%
the%2010/11%season%–%roughly%20%cm%greater%than%the%other%three%years.%This%highF
evapora.on%year%resulted%primarily% from%an%early%onset%of% the%evapora.on%season%
during%the%par.cularly%warm%summer%of%2010%(highlighted%in%orange).%
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Rapid	warming	in	lakes	that	don’t	freeze	

Satellite observations indicate rapid warming trend for lakes

in California and Nevada
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[1] Large lake temperatures are excellent indicators of
climate change; however, their usefulness is limited by the
paucity of in situ measurements and lack of long-term data
records. Thermal infrared satellite imagery has the potential
to provide frequent and accurate retrievals of lake surface
temperatures spanning several decades on a global scale.
Analysis of seventeen years of data from the Along-Track
Scanning Radiometer series of sensors and data from the
Moderate Resolution Imaging Spectroradiometer shows
that six lakes situated in California and Nevada have
exhibited average summer nighttime warming trends of
0.11 ± 0.02!C yr!1 (p < 0.002) since 1992. A comparison
with air temperature observations suggests that the lake
surface temperature is warming approximately twice as
fast as the average minimum surface air temperature.
Citation: Schneider, P., S. J. Hook, R. G. Radocinski, G. K.
Corlett, G. C. Hulley, S. G. Schladow, and T. E. Steissberg
(2009), Satellite observations indicate rapid warming trend for
lakes in California and Nevada, Geophys. Res. Lett., 36,
L22402, doi:10.1029/2009GL040846.

1. Introduction

[2] Global climate change is increasingly evident from a
wide variety of observations. The characterization of tem-
perature change over land is primarily based on measure-
ments at meteorological stations [Hansen et al., 2006].
However, research has shown that inland lakes and water
bodies have the potential to serve as excellent indicators of
climate change [Coats et al., 2006; Quayle et al., 2002;
Verburg et al., 2003]. Lakes act as integrators of the
physical parameters affecting their temperature, and like
the oceans, their high heat capacity dampens short-term
temperature variability and highlights longer-term varia-
tions. Furthermore, they integrate over an abundance of
additional factors related to climate, such as snow accumu-
lation, snow melt timing, stream runoff, etc.
[3] Several authors have evaluated the impact of climate

change on the thermal behavior of lakes and have reported
an increase in lake water temperature in recent decades.
Coats et al. [2006] studied the effects of climate on the
thermal variability with depth of Lake Tahoe since 1970 and

found a warming trend of the volume-weighted mean
temperature of 0.015!C yr!1 with the highest rate occurring
at the surface. Livingstone [2003] used a 52-year-long
record of monthly temperature profiles at Lake Zurich to
show a significant warming trend in the uppermost 20 m of
the lake at a rate of 0.024!C yr!1. Antarctic lakes have also
been found to exhibit warming rates of 0.06!C yr!1

between 1980 and 1995 [Quayle et al., 2002]. Austin and
Colman [2007] have found warming rates of 0.11!C yr!1

for Lake Superior between 1979 and 2006.
[4] All these studies were based on in situ data and were

limited to the few lakes and locations on those lakes for
which long-term temperature records were available. On a
global scale, such records are very rare. By contrast, thermal
infrared (TIR) imagery from spaceborne satellites has pro-
vided a global archive of Earth surface temperatures since
the early 1980s, often with several passes per day, and
allows for near-daily observations of lake skin temperature
depending on the availability of cloud-free scenes.
[5] Studies have indicated that sea surface temperature

(SST) can be derived from TIR data with a high degree of
accuracy, typically to within a few tenths of a degree
[Corlett et al., 2006]. Satellite data have been used to assess
climate variability in the oceans, where increases in SST
between 0.009 and 0.018!C yr!1 have been observed [Good
et al., 2007; Lawrence et al., 2004]. Several authors have
used remotely sensed TIR imagery to assess spatial and
temporal thermal behavior of lakes [Crosman and Horel,
2009; Hook et al., 2003; Hook et al., 2007; Reinart and
Reinhold, 2008], yet few studies have used these data to
evaluate the impact of climate change on lakes which has
the potential to offer a regional context to globally observed
trends.
[6] We have utilized an archive of satellite thermal

infrared imagery from the Along Track Scanning Radiom-
eter (ATSR) series of sensors (beginning in 1991) in
conjunction with Moderate Resolution Imaging Spectrom-
eter (MODIS) imagery (beginning in 2000) to identify
trends in the long-term thermal behavior of several lakes
in California and Nevada.

2. Data and Methodology
2.1. Study Sites

[7] Six lakes in California and Nevada were studied,
namely Lake Tahoe (39.13!N, 120.05!W), Mono Lake
(38.01!N, 118.97!W), Pyramid Lake (40.11!N, 119.59!W),
Walker Lake (38.72!N, 118.71!W), Lake Almanor
(40.23!N, 121.11!W), and Clear Lake (39.07!N,
122.84!W). The lakes range from fresh (Lake Tahoe) to
salty (Mono Lake), and none of the lakes freeze in winter.
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Except for Clear Lake, which is polymictic, all the lakes are
monomictic. The lakes used in this study were primarily
selected based on the possibility of extracting a clear
temperature signal over the lake. Therefore, the surface area
and shape of the lakes were the primary selection criteria.
Figure 1 gives an overview map and detailed maps of all
study sites. It further shows the 1992 to 2008 air temper-
ature trends as computed by the Goddard Institute for Space
Studies Surface Temperature Analysis (GISTEMP) for
reference [Hansen et al., 1999].

2.2. Data

[8] TIR data from the ATSR series and MODIS series of
sensors were used. The ATSR series includes ATSR-1 on
the ERS-1 satellite (1991 through 1997), ATSR-2 on the
ERS-2 satellite (1995 through 2003) and the Advanced
ATSR (AATSR), onboard the Envisat satellite which was
launched in 2002 and continues to operate today. In the
remainder of the paper, the term ATSR refers to all three
sensors. A total of 5,486 ATSR scenes covering the selected
lakes from 1991 through 2008 were available, providing an
18-year record of lake surface temperature. Only nighttime
imagery was used for this study as previous research has
shown that nighttime skin temperature retrievals provide a
significantly better accuracy than daytime data due to
absence of differential solar heating [Hook et al., 2003].
Due to issues with the European ATSR processing system
only a limited number of nighttime ATSR-2 scenes were

available for the years 1996 to 1999. A 9-year archive of
MODIS Terra LST imagery from the MOD-11 standard
product [Wan, 1999] was used to supplement and corrobo-
rate the results derived from the ATSR data. No MODIS
data were available for Lake Almanor and Clear Lake.
[9] In situ data were available for Lake Tahoe from the

Lake Tahoe Automated Validation Site which was estab-
lished in 1999. This site has been described in detail
previously [Hook et al., 2003, 2007]. The site includes four
buoys that provide highly accurate observations of both skin
and bulk temperature at intervals of two minutes. Additional
less frequent in situ data of bulk water surface temperatures
sampled from a boat approximately every two weeks since
1979 are also available.

2.3. Processing

[10] Initially the average skin temperature of 3 ! 3 arrays
of "1 km2 pixels in the center of each lake was extracted
from each available ATSR image, except for Lake Almanor
and Clear Lake where only the center pixel was used due
the size and shape of these lakes. The "9 km2 area was
chosen to provide a balance between sampling a large area
and conservatively avoiding any potential bias by including
shoreline pixels. For validation with in situ data at Lake
Tahoe the pixel arrays were extracted directly over the buoy
location. The resulting time series of top-of-atmosphere
brightness temperatures were masked for cloud contamina-
tion using a technique based on the cloud masking proce-

Figure 1. (middle) Overview of the study sites with (left and right) detailed maps of the water bodies. Black triangles
indicate the location at which the temperature time series were extracted from the satellite imagery. The overview further
shows the mean JAS air temperature trends from 1992 to 2008 as computed by the GISTEMP Analysis [Hansen et al.,
1999] for reference. Topography data by the Environmental Systems Research Institute (ESRI), Redlands, CA.
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Air:		dTair/dt	~	+0.5	°C/decade	
Water:		dTs/dt	~	+1.1	°C/decade	

Figure 2. (a) and (b) Validation of MODIS, AATSR, and ATSR-2 retrievals at Lake Tahoe. Scatterplot of satellite-derived
skin temperatures against in situ measurements (Figure 2a) and differences between satellite retrievals and in situ data
dependent on skin temperature (Figure 2b). (c) Weighted linear regression analysis for July through September nighttime
averages. MODIS data were not available for Lake Almanor and Clear Lake. In situ data were available for Lake Tahoe
between 2001 and 2008. All linear trend lines derived from ATSR are significant at the p < 0.05 level. Rates of
temperature change computed from ATSR trend. Vertical axes all show the same relative range. For detailed regression
results, see Table 1.
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A	new	global	ini6a6ve:	The	Global	Lake	
Temperature	Collabora6on	(GLTC)	
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spatial patterns between the JAS inland water and JAS air
temperature trends (the JFM GISTEMP map is not shown
due to the small number of stations for which JFM means
were computed). The spatial patterns between the two da-
tasets show good agreement. In particular over Eurasia the
strong warming in northern and eastern Europe as well as
the hotspot in southern Siberia and Mongolia are apparent.
In North America, the warming trend around the Great
Lakes region is not as apparent in the air temperature trends
map. The warming in the southwestern U.S. corresponds
fairly well with a ridge of strong warming in the GISTEMP
JAS map. The inland water trends in the low latitudes are
weaker and similar to those found in the GISTEMP analysis
for the same region. While the spatial patterns of water
surface and air temperature trends generally agree, there are
areas (e. g. around the Great Lakes and in Northern Europe)
in which the water bodies appear to warm more rapidly than
the surrounding air temperature. This effect has been
documented previously in studies using satellite [Schneider
et al., 2009] and in situ measurements [Austin and Colman,
2007]. The latter authors suggest that the more rapid water
temperature trends are due to decreasing winter ice cover
and the associated lower albedo. Apart from an investigation
of similarities in spatial patterns, a quantitative analysis of
differences in water and air temperature trends revealed a

correlation between the two parameters of r = 0.42. This
relatively weak relationship indicates that changes in inso-
lation, ice cover, and other factors are important contributing
factors in explaining the spatial patterns found.
[17] Figure 1b shows the overall mean anomaly of JAS/

JFM nighttime inland water surface temperature over all
study sites as compared to the 1985–2009 mean. Features
such as the 1992/1993 cooling due to aerosols from the Mt.
Pinatubo eruption and the warm anomaly in 1998 caused by
the strong El Niño event are clearly visible in the time series.
From the mean data set we found an overall linear warming
trend of 0.045 ± 0.011°C yr−1 (p < 0.001). This trend is
dominated by the large number of water bodies in the mid‐
latitudes of the northern hemisphere. A mean trend over all
sites with northern and southern hemisphere (0.052°C yr−1

and 0.023°C yr−1, respectively) weighted equally was
determined as 0.037 ± 0.011°C yr−1 and this rate is very
similar to global trends derived from land‐surface air tem-
perature data for the same period [Smith and Reynolds,
2005; Hansen et al., 2006].

4. Conclusion

[18] Nighttime satellite imagery was used to study recent
trends in the surface temperatures of large inland water

Figure 2. (a) Worldwide trends in nighttime lake surface temperature derived from satellite data. JAS trends were com-
puted for all sites located north of 23.5°N and between 0°and 23.5°S, while JFM trends were computed for all sites located
south of 23.5°S and between 0°and 23.5°N. (b) Corresponding map of worldwide JAS trends in surface air temperature
from GISTEMP [Hansen et al., 2006]. JFM GISTEMP map is not shown due to the small number of JFM sites.
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Fundamental	ques6on:	
		

	What	are	the	paIerns,	mechanisms,	and	
impacts	of	global	lake	
warming	/	cooling?	

Global	Lake	Temperature	Collaboration	–	http://laketemperature.org/	

(from	both	satellite	and	in	situ	measurements)	







Global	Lake	Temperature	Collaboration	Workshop	

June	1-5,	2012	
Lincoln,	NE	Lake	surface	temperature	trends	

(1985-2009;	summer	only)	
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Global	Lake	Temperature	Collaboration	Workshop	

June	1-5,	2012	
Lincoln,	NE	Many	factors	influence	warming	rates	

O’Reilly	et	al.	(2015)	
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Impacts	on	reservoir	evapora6on	
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spatial patterns between the JAS inland water and JAS air
temperature trends (the JFM GISTEMP map is not shown
due to the small number of stations for which JFM means
were computed). The spatial patterns between the two da-
tasets show good agreement. In particular over Eurasia the
strong warming in northern and eastern Europe as well as
the hotspot in southern Siberia and Mongolia are apparent.
In North America, the warming trend around the Great
Lakes region is not as apparent in the air temperature trends
map. The warming in the southwestern U.S. corresponds
fairly well with a ridge of strong warming in the GISTEMP
JAS map. The inland water trends in the low latitudes are
weaker and similar to those found in the GISTEMP analysis
for the same region. While the spatial patterns of water
surface and air temperature trends generally agree, there are
areas (e. g. around the Great Lakes and in Northern Europe)
in which the water bodies appear to warm more rapidly than
the surrounding air temperature. This effect has been
documented previously in studies using satellite [Schneider
et al., 2009] and in situ measurements [Austin and Colman,
2007]. The latter authors suggest that the more rapid water
temperature trends are due to decreasing winter ice cover
and the associated lower albedo. Apart from an investigation
of similarities in spatial patterns, a quantitative analysis of
differences in water and air temperature trends revealed a

correlation between the two parameters of r = 0.42. This
relatively weak relationship indicates that changes in inso-
lation, ice cover, and other factors are important contributing
factors in explaining the spatial patterns found.
[17] Figure 1b shows the overall mean anomaly of JAS/

JFM nighttime inland water surface temperature over all
study sites as compared to the 1985–2009 mean. Features
such as the 1992/1993 cooling due to aerosols from the Mt.
Pinatubo eruption and the warm anomaly in 1998 caused by
the strong El Niño event are clearly visible in the time series.
From the mean data set we found an overall linear warming
trend of 0.045 ± 0.011°C yr−1 (p < 0.001). This trend is
dominated by the large number of water bodies in the mid‐
latitudes of the northern hemisphere. A mean trend over all
sites with northern and southern hemisphere (0.052°C yr−1

and 0.023°C yr−1, respectively) weighted equally was
determined as 0.037 ± 0.011°C yr−1 and this rate is very
similar to global trends derived from land‐surface air tem-
perature data for the same period [Smith and Reynolds,
2005; Hansen et al., 2006].

4. Conclusion

[18] Nighttime satellite imagery was used to study recent
trends in the surface temperatures of large inland water

Figure 2. (a) Worldwide trends in nighttime lake surface temperature derived from satellite data. JAS trends were com-
puted for all sites located north of 23.5°N and between 0°and 23.5°S, while JFM trends were computed for all sites located
south of 23.5°S and between 0°and 23.5°N. (b) Corresponding map of worldwide JAS trends in surface air temperature
from GISTEMP [Hansen et al., 2006]. JFM GISTEMP map is not shown due to the small number of JFM sites.
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Other	hotspots	of	warming	
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Water	equivalent	to	roughly	
10	percent	of	the	annual	
flow	in	the	Colorado	River	is	
lost	each	year	to	
evapora6on	from	just	two	
massive	reservoirs,	Lake	
Powell	and	Lake	Mead,	
according	to	researchers	at	
the	University	of	Colorado	in	
Boulder.	
	
“That’s	about	500	billion	
gallons,	perhaps	ten	6mes	
what	metro	Denver	
residents	consume	in	one	
year,”	said	hydrologist	Ben	
Livneh	of	CU’s	Department	
of	Civil,	Environmental	and	
Architectural	Engineering	
and	the	Boulder-based	
CooperaLve	InsLtute	for	
Research	in	Environmental	
Sciences.	



Summary	
•  First	global	compilaLon	of	satellite	/	in	situ	lake	temperature	data	
•  250+	lakes	in	the	GLTC	database;	most	covering	at	least	25	years	
•  ~90%	of	the	lakes	in	the	database	are	warming	(1985-2009)	
•  Average	warming	rate	of	~0.34	°C	dec-1,	some	more	rapid	than	air	
•  Hotspots	of	warming	in	the	Great	Lakes,	northern	Europe,	and	

southwest	U.S.	
•  Impacts	on	lake	evaporaLon,	water	levels	becoming	evident	
•  Renewed	interest	in	reservoir	evaporaLon	for	western	U.S.	

hIp://laketemperature.org/	
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