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ABSTRACT
Operational analyses of Lake Surface Water Temperature (LSWT) have many potential uses including
improvement of numerical weather prediction (NWP) models on regional scales. In November 2011, LSWT
was included in the Met Office Operational Sea Surface Temperature and Ice Analysis (OSTIA) product,
for 248 lakes globally. The OSTIA analysis procedure, which has been optimised for oceans, has also been used
for the lakes in this first version of the product. Infra-red satellite observations of lakes and in situ
measurements are assimilated. The satellite observations are based on retrievals optimised for Sea Surface
Temperature (SST) which, although they may introduce inaccuracies into the LSWT data, are currently the
only near-real-time information available. The LSWT analysis has a global root mean square difference of
1.31 K and a mean difference of 0.65K (including a cool skin effect of 0.2 K) compared to independent data
from the ESA ARC-Lake project for a 3-month period (June to August 2009). It is demonstrated that the OSTIA
LSWT is an improvement over the use of climatology to capture the day-to-day variation in global lake surface

temperatures.

Keywords: LSWT, OSTIA, satellite, in situ, near-real-time

1. Introduction

Operational analyses of Lake Surface Water Temperature
(LSWT) have many potential uses. Accurate estimates of
LSWT have been shown to be of importance to numerical
weather prediction (NWP) models on regional scales (e.g.
Niziol et al., 1995; Dutra et al., 2010; Eerola et al., 2010;
Mironov et al., 2010; Samuelsson et al., 2010; Balsamo
et al., 2012; Wright et al., 2013) through their contribu-
tion to derived surface energy budgets. Maps of LSWT are
also valuable for understanding a wide variety of processes
occurring in lakes and inland water bodies, for example,
surface water transport patterns (Strub and Powell, 1986,
1987, Steissberg et al., 2005b; Oesch et al., 2008), river
inflow patterns (Thiemann and Schiller, 2003; Oesch et al.,
2008), mixing regimes (Wooster et al., 2001), phytoplankton
dynamics and primary production (Wooster et al., 2001;
Thiemann and Schiller, 2003) and wind-induced up-
welling events (Mortimer, 1952; Monismith, 1985, 1986;
Imberger and Patterson, 1990; Steissberg et al., 2005a;
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Oesch et al., 2008). Surface temperature maps can provide
information relevant to the vertical structure of the lake
(Wooster et al., 2001) and can be useful for water quality
monitoring (Reinart and Reinhold, 2008; Coats, 2010).
Several studies have also used the surface temperature
of lakes and inland water bodies as indicators of climate
change, using both in situ observations (Quayle et al.,
2002; Verburg et al., 2003; Coats et al., 2006) and infra-
red satellite observations (Schneider et al., 2009; Schneider
and Hook, 2010). Therefore accurate monitoring of LSWT
has important applications.

The Operational Sea Surface Temperature and Ice
Analysis (OSTIA) system (Donlon et al., 2012) was devel-
oped at the Met Office primarily for NWP purposes. The
system produces a daily analysis of foundation Sea Surface
Temperature (SST), the temperature below the diurnal
warm layer, and sea ice concentration, on a global 1/20°
grid. LSWT was included in OSTIA in November 2011
as part of the daily foundation SST field, at the same grid
resolution. Prior to this, the Caspian Sea had been the only
lake in OSTIA.

A description of the methods used to produce the
OSTIA LSWT analysis follows in section 2. A review of

Tellus A 2014. © 2014 E. K. Fiedler et al. This is an Open Access article distributed under the terms of the Creative Commons CC-BY 4.0 License (http:// 1
creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to remix, transform, and build
upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

Citation: Tellus A 2014, 66, 21247, http://dx.doi.org/10.3402/tellusa.v66.21247

(page number not for citation purpose)


http://www.tellusa.net/index.php/tellusa/article/view/21247
http://dx.doi.org/10.3402/tellusa.v66.21247

2 E. K. FIEDLER ET AL.

the accuracy of satellite surface temperature retrievals over
lakes is presented in section 3. In section 4, validation of
the OSTIA LSWT analysis including a comparison to
independent data from the ESA (European Space Agency)
ATSR Reprocessing for Climate: Lake Surface Water
Temperature and Ice Cover (ARC-Lake) project based at
the University of Edinburgh (MacCallum and Merchant,
2011) for JJA (June to August) 2009 is discussed. In section
S5, an examination of the relationships between accuracy of
the LSWT analysis and parameters such as lake elevation
and surface area is presented. Finally, a summary and
conclusions are provided in section 6. Acronyms defined in
the text have been listed in the appendix.

2. LSWT analysis method

A full description of the OSTIA system is provided in
Donlon et al. (2012), but a brief introduction is included
here for clarity. After quality control, near-real-time in
situ data extracted from the Global Telecommunication
System (GTS) and various near-real-time satellite SST data
available through the Group for High Resolution SST
(GHRSST) are assimilated daily on to a background field
on a 1/20° (~6km) grid, using an optimal-interpolation-
type scheme. The background field is produced from the
analysis for the preceding day, with a slight relaxation to
climatology. New observations failing a Bayesian back-
ground check are rejected before assimilation (Donlon
et al., 2012). Sea ice is produced by regridding the OSI
SAF (EUMETSAT Ocean and Sea Ice Satellite Applica-
tion Facility) near-real-time ice concentration product from
a 10 km polar stereographic grid to the OSTIA regular
latitude—longitude grid. This product is derived from the
SSM/I (Special Sensor Microwave Imager) instrument, and
more recently the SSMIS (Special Sensor Microwave
Imager/Sounder). Bilinear interpolation is used to infill
the pole hole and around coasts. Under sea ice, SSTs are
relaxed to —1.8°C on a timescale which decreases with
increasing ice concentration, as described in Donlon et al.
(2012).

Many lakes are ice-covered for part of the year. Lake
ice is added to the OSTIA ice field using a combination of
NCEP (National Centers for Environmental Prediction)
SSM/I ice concentration and a temperature threshold based
on the LSWT analysis itself. OSTIA LSWT is relaxed
towards the freezing temperature of fresh water (0°C)
under the NCEP ice using the same method as for the
SST. When available, SST observations from the AATSR
(Advanced Along Track Scanning Radiometer) instrument
or, more recently, a high-quality subset of MetOp-A
AVHRR (Advanced Very High Resolution Radiometer)
observations, together with in situ observations from ships,
moored buoys and drifting buoys are used as reference

data for bias-correction of the remaining satellite data.
Observation error information provided in the GHRSST
files is used for the analysis. In order to produce an analysis
of foundation temperature, daytime satellite data are only
assimilated where wind speeds are greater than 6m s~ to
remove surface diurnal warming effects (Donlon et al.,
2002). This check is also performed for the LSWT data,
as a skin effect of a similar magnitude and variability to
that seen in oceans (e.g. Katsaros, 1977; Fairall et al., 1996;
Donlon and Robinson, 1998) can also be observed in lakes
(Wooster et al., 2001; Hook et al., 2003; Oesch et al., 2005,
2008).

In the new implementation of OSTIA including lakes,
the land/lake mask used is that defined by the ESA ARC-
Lake project (MacCallum and Merchant, 2011). The full
mask includes all lakes with a surface area greater than
500 km?, plus an additional 10 lakes of particular interest,
giving a total of 263 lakes. However, only 248 lakes have
enough data to produce a climatology, so 248 lakes of the
full 263 are included in OSTIA (see Fiedler et al., 2012
for full list). Figure 1 shows an example of the global
OSTIA mask including lakes, with close-ups of Europe,
North America and Eastern Africa for detail. As the mask
is fixed, it is not possible for the OSTIA LSWT to take into
account ephemeral lakes, rivers or regions of flooding.

The ARC-Lake nighttime reconstructed AATSR clima-
tology v1.1 (MacCallum and Merchant, 2011) has been used
for lakes in the relaxation to climatology step when updating
the background field during the OSTIA assimilation proce-
dure, and for comparisons to climatology in the following
sections. The climatology is on the same regular 1/20° grid
as OSTIA. A linear temporal interpolation was performed
on the ARC-Lake data to produce daily files from the
original twice-monthly dataset available at the time of this
investigation.

LSWT data are routinely available as part of GHRSST
SST products for several of the infra-red satellite instru-
ment sources used in OSTIA [AATSR, National Oceanic
and Atmospheric Administration (NOAA) and MetOp-A
AVHRR, Infrared Atmospheric Sounding Interferometer
(IASI)]. However, none of these products currently in-
cludes lake-specific processing. Therefore the LSWT data
used in this study and for the daily operational OSTIA
analysis are based on the current algorithms for SST
retrieval. This introduces errors into the LSWTs, which
are described in detail in section 3. In situ data from
ships and moored buoys are available for lakes through
the GTS in the same way as in situ SST measurements.

The OSTIA analysis method has not been optimised for
lakes and hence LSWT is currently produced in the same
way as SST. This means the components of the analysis,
such as background error covariances, are not specific to
lakes. Effective correlation length scales in OSTIA range
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from 15 to 450 km, which means that if lakes are close
enough to the ocean coast, increments applied over the
ocean can also affect lakes. These length scales are also
potentially long compared to a minimum lake area of
500km? so increments applied in one lake can also be
spread to a neighbouring lake, or an increment may be

290 295 300 305

Example OSTIA SST field for 1 July 2013 showing (a) global land/sea/lake mask with (b—d) close-ups of regions for detail.

spread over a lake even if the observed part of the lake is
atypical. However, use of this method does provide a
starting point for future development work. In addition,
AATSR and IASI skin temperature observations over
lakes are corrected to bulk temperatures by applying a
global correction of +0.17K (Donlon et al., 2002) in the
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same way as is currently performed for SST in the OSTIA
system. However, it is possible the magnitude of this cor-
rection may not be suitable for lakes, owing to the poten-
tially different wind regimes compared to the open ocean.

Although there are many different satellite data types
used in OSTIA (Donlon et al., 2012), comparisons and
analyses for the OSTIA data are shown here for only the
data types which provide lake ‘SSTs’ for the test period of
JJA 2009. These are namely data from the NOAA-18
AVHRR, MetOp-A AVHRR and AATSR instruments.
No LSWT data from microwave instruments were available.
In improvements to OSTIA made for an operational
change in November 2011, additional lake temperature
data from IASI and NOAA-19 AVHRR also became
available, but these data sources were not available for
the test period. Note also that the AATSR instrument
ceased production of data in April 2012.

3. Accuracy of LSWT retrievals

There will be errors in GHRSST LSWT satellite observa-
tions used in this study as retrievals are optimised for SST.
This in turn introduces inaccuracies in the LSWT analyses
using the data. Errors owing to the use of cloud-clearing
schemes optimised for oceans can have a significant effect
on the accuracy of retrievals over lakes (MacCallum and
Merchant, 2012). There will also be errors associated with
the elevation and continental location of the lakes, which
affect the atmospheric thickness, water vapour column and
aerosol corrections in the retrievals (Wooster et al., 2001;
Thiemann and Schiller, 2003; MacCallum and Merchant,
2012). Coastal contamination is also a potential issue,
particularly for lakes with complex shorelines, as are errors
associated with surface emissivity, which is salinity depen-
dent (MacCallum and Merchant, 2012). Errors in this latter
quantity can lead to large errors in the derived surface
temperature (Hook et al., 2003). Sparse observations and
subsequent sampling errors are likely to particularly affect
analyses for lakes in cloudy regions, or those for smaller
lakes, especially when using satellite instruments with a
narrow swath width such as the AATSR. Therefore the
number of available observations may show considerable
variation between even nearby lakes. In addition, sparse
observations over lakes with large horizontal temperature
gradients mean the observations may not be spatially rep-
resentative of temperatures over the whole lake. However,
although not ideal, the use of these SST retrievals over
lakes is currently the only option for producing global near-
real-time analyses of LSWT and brings the Met Office pro-
duct into line with other SST analysis products, for example,
the RTG_SST (Real Time Global Sea Surface Tempera-
ture) analysis produced by NCEP (Gemmill et al., 2007).

Several studies have attempted to quantify the errors
introduced into LSWT retrievals when using parameters
optimised for SST. Table 1 summarises the results of these
studies for particular lakes. Nighttime results are shown
where possible as they are likely to be significantly more
accurate than those obtained during the daytime, owing to
the absence of differential surface heating (Hook et al.,
2003; Oesch et al., 2005). Note this effect is corrected for
in the OSTIA system by using daytime data only when the
wind speed is above 6m s .

Results for Lake Mond are the poorest, but with a
surface area of only 14 km? (Oesch et al., 2005) this lake
is much smaller than the others shown in Table 1. It is
much more difficult to produce an accurate result for a
lake of this size because of sparse observations and coastal
contamination. Owing to its small size, this lake is not
included in the OSTIA mask (section 2). Results shown in
Table 1 for MetOp-A AVHRR (used in OSTIA) for the
North American Great Lakes are particularly good, with
a bias of 0.06 K and root mean square (RMS) error of
0.50K against in situ temperatures from moored buoys
(A. Marsouin, personal communication, 2009). For the
NOAA-17 AVHRR MCSST (Multi-Channel Sea Surface
Temperature) algorithm (closest to the operational NOAA-
18 AVHRR MCSST used in OSTIA) the biases for Lakes
Constance and Geneva, respectively, are —0.04 and 0.70 K
with RMS errors of 0.88 and 1.12K. Both of these lakes
have similar size, elevation and location characteristics.
However, the RMS error and bias of the data obtained
vary widely depending on the chosen lake, and this
illustrates the difficulty in assessing the accuracy of the
use of these algorithms over lakes. Overall, however, biases
for instruments used in OSTIA (MetOp-A and NOAA
AVHRR, AATSR) are mainly of the order 0.5 K and RMS
errors around 1.0 K (Table 1).

Several other studies have evaluated LSWT algorithms
designed for specific lakes (Hook et al., 2003; Thiemann
and Schiller, 2003; Oesch et al., 2008). More recently, these
have been expanded to include larger numbers of lakes
(Hulley et al., 2011; MacCallum and Merchant, 2012).
Details of these results are given in Table 2. According to
Thiemann and Schiller (2003), it should be suitable to apply
regional algorithms derived for specific lakes to other lakes
with similar climatic conditions, for example, temperate
or maritime/continental. However, a lower absolute accu-
racy compared to open ocean retrievals is to be expected
for lake-specific retrievals owing to the reduced spatial and
temporal coverage over lakes (Oesch et al., 2005).

There are other studies relating to satellite-derived
LSWT from other sensors, for example, MODIS (Moder-
ate Resolution Imaging Spectroradiometer) (Oesch et al.,
2005, 2008; Reinart and Reinhold, 2008; Crosman and
Horel, 2009), but sensors not currently used in OSTIA have
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Table 1. Accuracy of operational SST algorithms when used for LSWT
Instrument Algorithm Lake Day/night Bias (K) RMS (K) Study
NOAA-12 AVHRR NLSST N. Am. Great Lakes Night 1.52 1.27 (SD) Li et al. (2001)
NOAA-14 AVHRR MCSST Lake Constance Day 1.35 1.35 Thiemann and Schiller (2003)
NLSST N. Am. Great Lakes Night 0.41 0.80 (SD) Li et al. (2001)
NOAA-16 AVHRR MCSST Lake Geneva Night 0.18 0.70 Oesch et al. (2005)
Lake Constance Night —0.28 0.73 Oesch et al. (2005)
Lake Mond Night —2.08 1.47 QOesch et al. (2005)
NLSST Lake Geneva Night 1.22 0.69 Oesch et al. (2005)
Lake Constance Night 0.61 0.64 Oesch et al. (2005)
Lake Mond Night —1.15 1.34 Oesch et al. (2005)
NOAA-17 AVHRR MCSST Lake Geneva Night 0.70 0.88 Oesch et al. (2005)
Lake Constance Night —0.04 1.12 Oesch et al. (2005)
Lake Mond Night —2.03 1.83 QOesch et al. (2005)
NLSST Lake Geneva Night 1.53 0.81 Oesch et al. (2005)
Lake Constance Night 0.85 1.12 QOesch et al. (2005)
Lake Mond Night —1.10 1.91 QOesch et al. (2005)
MetOp-A AVHRR  Operational N. Am. Great Lakes ~ Night 0.06 0.50 (SD) A. Marsouin (personal
communication, 2009)
ATSR-2 Operational Various N America, Night —0.23-0.60 0.47-0.64 (SD) MacCallum and Merchant
Europe, Africa (2012)
Lake Tahoe Night 0.69 0.38 (SD) Hook et al. (2003)
AATSR Operational Various N America, Night —0.54-0.08 0.83-1.74 (SD) MacCallum and Merchant
Europe (2012)
Lake Tahoe Night —0.41 0.56 Hulley et al. (2011)
Salton Sea Day —0.41 0.75 Hulley et al. (2011)

SD =standard deviation. Instrument and algorithm acronyms defined in the appendix.

not been covered here. Results for older AVHRR sensors
on NOAA satellites (NOAA-11 and earlier) have also not
been included. Currently, there are no GHRSST micro-
wave satellite SST retrievals which include LSWT.

4. Validation of OSTIA LSWT analysis

OSTIA LSWT daily analysis data were produced for
JJA 2009. This period was chosen in order to make use
of the ARC-Lake observation dataset (MacCallum and
Merchant, 2011) for validation, of which 2009 was the most
recent year available, at the time of writing. As the majority
of the lakes in the OSTIA mask are located in the Northern
Hemisphere (Fig. 1), JJA corresponds predominantly to
summertime. It should be noted there is only one lake
included in the OSTIA mask which freezes in the Southern
Hemisphere wintertime (JJA), which is Colhue Huapi,
Argentina (69°W, 45°S). In contrast, up to 100 lakes freeze
in the Northern Hemisphere wintertime (MacCallum and
Merchant, 2011). It is not possible to provide a fair quality
assessment of the OSTIA LSWT in DJF owing to the
limited number of observations available for assimila-
tion when there is ice cover, which would make results
unrepresentative of errors expected in the OSTIA LSWT
analysis. The OSTIA run was given a generous 6-month

spin-up period, allowing the analysis to depart from the
ARC-Lake climatology it was initialised with, taking into
account that observations over lakes can be sporadic owing
to satellite orbits and cloud cover.

4.1. Number of observations

The number of available infra-red satellite observations is
affected by cloud cover, meaning there are large day-to-day
variations in the volume of data. This is illustrated in Fig. 2.
Of the satellite LSWT data sources, the MetOp-A AVHRR
has the largest data volume (compare Fig. 2¢ to Fig. 2a and
2b). This is the highest resolution data source, at 6 km (after
subsampling of 1 km resolution data). In contrast, the narrow
swath width of the AATSR instrument means it takes just
over 3 days to achieve complete global coverage (Robinson,
2004) and thus the number of observations over lakes can
be sparse and very variable from day to day (Fig. 2a).
Comparison of the global number of in situ observations
with that for the North American Great Lakes (Fig. 2d)
indicates the majority (3-month mean of 83%) are located on
the Great Lakes. The bias-correction method for the OSTIA
LSWT, as for the SST, uses the in situ data and AATSR data
together as a reference dataset. Thus for most of the lakes
the only reference data used for the bias-correction is the
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Instrument Algorithm Lake Day/night Bias (K) RMS (K) Study
NOAA-11 AVHRR Split window Lake Malawi Night —0.02 0.68 Wooster et al. (2001)
Triple window  Lake Malawi Night —0.17 0.41 Wooster et al. (2001)
NOAA-14 AVHRR Split window Lake Constance Day —0.01 1.04 Thiemann and Schiller (2003)
Triple window  Lake Malawi Night 0.06 0.51 Wooster et al. (2001)
NOAA-16 AVHRR Split window Lake Constance Day 0.16 0.71 Thiemann and Schiller (2003)
ATSR-2 ARC-Lake OE Various N America,  Night —0.04-0.04 0.53-0.61 (SD) MacCallum and Merchant
(N2,N3,D2,D3) Europe, Africa (2012)
N2,N3 (bulk) Lake Tahoe Night 0.18 0.18 (SE) Hook et al. (2003)
N2,N3 (skin) Lake Tahoe Night —0.37 0.28 (SE) Hook et al. (2003)
AATSR Split window Lake Tahoe Night —0.02 0.30 Hulley et al. (2011)
Split window Salton Sea Day 0.18 0.46 Hulley et al. (2011)
ARC-Lake OE various N America,  Night —0.31-0.15 0.46—0.54 (SD) MacCallum and Merchant
(N2,N3,D2,D3) Europe (2012)
ARC-Lake OE N. Am. Great Night —0.12 0.43 (SD) MacCallum and Merchant
LSWT (D3) Lakes (2012)

Nx =Nadir channel x; Dx =dual view channel x; SD =standard deviation; SE =standard error. Instrument acronyms defined in the

appendix.

AATSR, which is not optimised for lakes. Retrieval methods
for LSWT suitable for the ATSR series of instruments
(ATSR-1, ATSR-2 and AATSR) are available through the
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4.2. Observation-minus-background statistics

Table 3 shows the observation-minus-background statis-
tics (i.e. before the observations are assimilated or bias-
corrected) for OSTIA LSWT for JJA 2009 globally and
for three lake system case studies: Lake Victoria (centred on
33°E, 2°S), Lake Baikal (centred on 108°E, 53°N) and the
North American Great Lakes (centred on 85°W, 46°N). For
each data type, the observations for a particular day are
compared against a background field of the analysis for the
previous day. If the observations are assumed to be accurate,
this comparison gives a measure of the accuracy of the
analysis. Although the errors in the observations are not
independent from the errors in the analysis, on comparison
to results using independent data this method still provides
useful results (e.g. Roberts-Jones et al., 2011). The daily
results are averaged over the 3-month period to give the
seasonal results shown in Table 3.

Overall, the statistics given by Table 3 are encouraging.
The global RMS difference of the OSTIA LSWT to in situ
data is 1.02K and the mean difference is —0.13 K. These
global statistics are similar to those shown for the Great
Lakes (Table 3), which is unsurprising since the majority of
the in situ data for this period (83%) are located in this lake
system.

Compared to the Great Lakes and Lake Victoria, Lake
Baikal has the largest mean and RMS difference for most of

Table 3. Observation-minus-background statistics for JJA 2009,
for all lakes in global OSTIA mask and three case studies

Mean diff RMS  Mean daily no.

Observation type (K) (K) obs
Global

In situ —0.13 1.02 600

AATSR 0.08 0.83 1826

MetOp-A AVHRR 0.20 1.12 4740

NOAA-18 AVHRR —0.08 0.49 1153
Great Lakes

In situ —0.14 1.01 498

AATSR 0.13 0.97 447

MetOp-A AVHRR 0.46 1.29 1699

NOAA-18 AVHRR —0.06 0.55 230
Lake Baikal

In situ — — -

AATSR 0.49 1.20 35

MetOp-A AVHRR 0.42 1.65 159

NOAA-18 AVHRR 0.59 1.14 7
Lake Victoria

In situ — — —

AATSR 0.07 0.32 193

MetOp-A AVHRR 0.06 0.44 621

NOAA-18 AVHRR —0.14 0.30 206

A dash (—) indicates no or insufficient data.

the satellite data types (Table 3). This could be related to,
for example, cloud screening errors. The exception is
the mean difference to MetOp-A AVHRR, which is margin-
ally worse in the Great Lakes (0.42K for Lake Baikal,
0.46K for the Great Lakes). The magnitude of this rela-
tively large mean difference for the Great Lakes is an inter-
esting result, given the bias of MetOp-A AVHRR shown in
Table 1 of 0.06 K on comparison to in situ moored buoys
(A. Marsouin, personal communication, 2009). Comparing
the two AVHRR data sources, Table 3 indicates the RMS
difference of the observation-minus-background for the
NOAA-18 AVHRR is smaller than for the MetOp-A
AVHRR for each of the lakes shown. The magnitude of
the mean difference to NOAA-18 AVHRR is also smaller
globally and for the Great Lakes than for MetOp-A
AVHRR, but is slightly larger for Lakes Baikal and
Victoria. Overall, Lake Victoria has smaller mean and
RMS differences compared to the other lakes. Its position
on the equator, modest elevation and large size mean a more
accurate LSWT analysis should be possible. Reasons for
variations in the accuracy of the LSWT analysis are
discussed further in the following sections.

4.3. Comparison to independent data

The ARC-Lake LSWT retrievals employ a cloud screening
scheme designed for lakes and a modelled emissivity, and
take into account the elevation of the lakes and the atmo-
spheric conditions above them (MacCallum and Merchant,
2012). This not only means the observations are independent
from the AATSR data assimilated into OSTIA, which uses
the operational SST algorithm, but that they can be con-
sidered the most reliable global satellite observations of
LSWT available. In the absence of observations, OSTIA will
relax to a climatology generated from ARC-Lake observa-
tions, over a 30-day time period. In practice, this means the
OSTIA LSWT is climatology in wintertime, if new observa-
tions are unavailable due to ice cover. However, at other
times of the year the number of available observations over a
30-day period ensures the LSWT remains independent from
the climatology, including for the JJA 2009 period used here.
Therefore a validation of the OSTIA LSWT against the
ARC-Lake observation dataset was undertaken. It should
however be noted the ARC-Lake observations are measure-
ments of skin temperature, whereas the OSTIA analysis is
a foundation temperature. Nighttime ARC-Lake observa-
tions have been used in the comparison to avoid the effects
of diurnal warming, but a cool skin effect of around 0.2 K is
present (MacCallum and Merchant, 2012). Note this has not
been removed from the results.

Globally, the accuracy of the OSTIA LSWT against
the ARC-Lake observations is 1.31 K RMS (Table 4).
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Table 4. OSTIA LSWT minus ARC-Lake observations and ARC-Lake climatology minus ARC-Lake observations for JJA 2009 for

selected lakes, listed in order of descending surface area

OSTIA-ARCobs

ARCclim-ARCobs

Observation type Mean diff (K) RMS (K) Mean diff (K) RMS (K) Mean daily no. ARCobs
Global 0.65 1.31 0.00 1.78 4453
Great Lakes 1.41 1.78 0.45 2.13 822
Lake Victoria 0.40 0.44 0.08 0.29 137
Lake Baikal 1.83 2.76 1.21 2.11 140
Salton Sea —0.13 1.45 —0.15 1.44 7
Lake Geneva —0.06 0.63 1.00 1.67 2
Lake Constance —0.06 1.02 0.95 1.87 1
Lake Tahoe —0.46 0.83 0.28 0.82 2

At 0.65K, the magnitude of the mean difference indicates
that using AATSR processed for SST and limited in situ
data for the bias-correction is not ideal. However, the cool
skin effect mentioned above means this mean difference can
be assumed closer to 0.45K. The global statistics given in
Table 4 indicate that the RMS difference for OSTIA minus
ARC-Lake observations (1.31K) is better (lower) than for
ARC-Lake climatology minus ARC-Lake observations
(1.78 K), demonstrating that overall the OSTIA LSWT is
more accurate than climatology. Since the ARC-Lake
climatology is derived from ARC-Lake observations, the
mean difference of the climatology to these observations
would be expected to be smaller than for OSTIA and
indeed is zero when taking all lakes together globally
(Table 4).

Case studies of particular lakes are also shown in Table 4.
The OSTIA LSWT analyses for both the Great Lakes and
Lake Baikal have large mean and RMS differences com-
pared to the other lakes and, in the case of Lake Baikal,
the analysis performs worse than the climatology in terms of
the RMS. However, results for other lakes are relatively
good, particularly for Lakes Geneva and Constance. The
magnitudes of the OSTIA minus ARC-Lake observation
mean and RMS differences are generally larger than the
observation-minus-background errors discussed previously
in section 4.2; compare Tables 3 and 4.

Comparison of Table 4 (OSTIA LSWT accuracy) with
Table 1 (SST retrieval accuracy) yields mixed results. For
Lakes Geneva and Constance, compared to the results
of Oesch et al. (2005) using the NOAA-17 AVHRR
MCSST algorithm (the closest to the assimilated NOAA-
18 data), the OSTIA LSWT RMS errors are reduced and
the mean differences are similar or better. For Lake Tahoe,
compared to results from Hulley et al. (2011) using the
AATSR SST data, the magnitude of the mean difference
is similar but the RMS difference is worse for the OSTIA
data compared to the operational AATSR retrievals.
Similarly, the results for the Salton Sea show an improved
mean difference for the OSTIA data but a poorer RMS.

For the Great Lakes, the OSTIA results are poorer than
those found for both the MetOp-A AVHRR and the
AATSR operational retrievals. This indicates the OSTIA
LSWT results for the Great Lakes are worse than the
individual retrievals. This could potentially be due to poor
quality in situ data used in the analysis for bias-correction.
The in situ data used in this assimilation have not under-
gone the usual operational monthly check against OSTIA
data for potential inclusion on a blacklist. In addition,
the majority of these data come from ships which can
provide data of reduced quality than those obtained from
moored (or drifting) buoys (Roberts-Jones et al., 2012).
As the analysis appears to provide poorer results than the
individual retrievals, this could indicate the analysis
techniques, which are currently optimised for SST, need
improving. It could also suggest that the accuracy of the
retrievals summarised in Table 1 may not be consistently as
good as the published results suggest, for example, due to
cloud screening errors. Comparison of Table 4 (OSTIA
LSWT accuracy) with Table 2 (LSWT retrieval accuracy)
indicates the OSTIA LSWT analysis is not as accurate and
has greater biases than LSWTs obtained from lake-specific
non-operational LSWT retrieval algorithms, which is to
be expected.

The target accuracy of the OSTIA analysis for NWP
purposes is at or below 0.50 K RMS with a threshold
accuracy of 0.80 K (Donlon et al., 2012). At 1.31 K against
independent ARC-Lake observations, the global RMS
difference of the OSTIA LSWT analysis does not meet
this requirement. However, it has been demonstrated
here that use of the analysis would nevertheless be an
improvement over the use of climatology. As would be
expected, owing to the use of retrieval algorithms and
analysis techniques optimised for SST rather than LSWT
(section 2), the accuracy of the OSTIA LSWT analysis is
poorer than for the SST [respectively, global RMS differ-
ences of 1.31 K (for JJA 2009) and 0.57 K (for 2007-2010,
in situ observation-minus-background) (Donlon et al.,
2012)].
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5. Investigation of relationships between analysis
accuracy and lake parameters

Various metadata for each lake in the mask have been col-
lated by the ARC-Lake project (MacCallum and Merchant,
2011). This section describes investigations of the relation-
ships between the accuracy of the OSTIA LSWT analysis
as measured by differences from the ARC-Lake observa-
tions (section 4.3), and parameters including the elevation,
area, and latitude of the lakes.

Figure 3 shows the OSTIA LSWT analysis minus ARC-
Lake nighttime observations, averaged over JJA 2009,
plotted as a function of absolute latitude (i.e. disregard-
ing hemisphere). Each point represents a lake, where a red
triangle is a lake at an elevation above 2500m and a
black dot indicates an elevation at or below 2500 m. A blue
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Fig. 3. OSTIA LSWT analysis minus ARC-Lake observations
for each lake, for JJA 2009, with absolute latitude (i.e. disregarding
hemisphere) with (a) RMS and (b) mean difference. Each point
represents a lake. A red triangle indicates the lake has an elevation
over 2500 m, and a black dot equal to or below 2500 m. A blue
square indicates the lake also has a surface area of greater than
3000 km?.

square indicates the lake also has an area larger than
3000 km®.

As would be expected, the difference between the
mean difference of the analysis and ARC-Lake observa-
tions for the two hemispheres is not statistically significant
(not shown). Lakes at tropical latitudes have a smaller
annual surface temperature cycle compared to lakes at
higher latitudes (MacCallum and Merchant, 2012), which
suggests it would be easier to obtain smaller RMS values for
lower latitude lakes in a LSWT analysis. Indeed, there is a
statistically significant difference (at the 0.05 level) between
the RMS difference of lakes with latitudes above 30° (1.41 K)
and those below 30° (0.74 K) in the summer season (JJA)
(Fig. 3a). This statistic (and subsequent similar statistics) was
calculated using Welch’s #-test for unequal sample sizes and
variances, and the Welch-Satterthwaite equation for calcu-
lating degrees of freedom. The significances are all given at
the 0.05 level. This method assumes the two samples are
independent (non-paired), although this may not be strictly
true here as the errors may be correlated. Unlike the RMS
values, however, the mean difference to ARC-Lake observa-
tions for these two groups is not statistically significantly
different, indicating that latitude is not a contributing factor
to biases in the LSWT analysis.

There is not a strong relationship between the magnitude
of the mean difference to ARC-Lake and the lake area
(Fig. 3b), although smaller lakes are more likely to have
a larger mean difference, and the largest lakes are more
likely to have a mean difference closer to zero. Most of the
lakes shown here have a minimum area of 500 km? so it is
possible an effect of area on bias would become more
apparent for smaller lakes. As demonstrated by Oesch et al.
(2005) for Lake Mond (see Table 1), very small lakes can
display large biases.

Figure 3b also indicates that lakes at high elevations are
more likely to have a negative mean difference to ARC-
Lake, although lakes at low elevations can also have
a negative mean difference. The JJA 2009 mean of the
difference to ARC-Lake for all lakes lying above 2500 m
elevation (—0.37 K) is statistically significantly different
to that of lakes below 2500 m (0.12 K). As noted by, for
example, Schneider and Hook (2010), large lakes at modest
elevations might be expected to provide the best results for
LSWT using the SST products. According to Fig. 3b, these
lakes have a positive bias. This means that the LSWT for
higher altitude, smaller lakes may have compensating errors,
thus reducing the bias. As indicated by the global OSTIA
LSWT minus ARC-Lake observations statistics (Table 4),
overall the OSTIA LSWT has a positive mean difference.

There is little obvious relationship between RMS and
lake area or elevation (Fig. 3a). In order to affect the
accuracy of surface temperature retrievals, according to
Oesch et al. (2005) the elevation would need to be extreme.
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In their study of Alpine LSWT, they did not find that the
smaller atmospheric water vapour content at around 400 m
elevation exerted a significant influence on the accuracy of
the retrievals. According to Schneider et al. (2009), larger
uncertainties in LSWT may be expected for lakes at more
extreme elevations on the Tibetan Plateau and in the Andes
although Fig. 3a (above 2500m, red triangles) indicates
this does not appear to be the case for the OSTIA data.
However, other compensating errors may be masking an
effect.

Figure 4 shows the RMS and mean differences to ARC-
Lake of all OSTIA lakes for JJA 2009 versus the isoperi-
metric quotient. This metric involves the area of the lake
divided by the square of the perimeter, and was calculated
for lakes where these data were available. This ratio
is multiplied by 4m, and the resultant value will be 1 if
the shape is a perfect circle. When used in this context,
the metric gives a measure of the regularity of the shape of
the lake. Those lakes with less meandering shorelines will
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Fig. 4. OSTIA LSWT minus ARC-Lake observations for each
lake, for JJA 2009, with isoperimetric quotient (a measure of how
close to circular the lake is, or the regularity of the coastline, see
text) with (a) RMS and (b) mean difference.

have an isoperimetric quotient closer to that of a circle;
that is, the smallest perimeter possible for the area given.
More accurate satellite measurements should be possible
for lakes with an even perimeter and shorter coastline for a
given lake area as this minimises potential contamination
of the retrieval from land. It can be seen (Fig. 4a) that
lakes with a higher quotient, that is, more circular and thus
potentially likely to have more accurate retrievals, tend to
have a lower RMS difference. Similarly, lakes with a higher
quotient are more likely to have a smaller mean difference
(Fig. 4b).

Figure 5 shows observation-minus-background statistics
for in situ and AATSR observations before assimilation.
These are averages for JJA 2009, shown with the elevation
of each lake. Figure 5a shows that the bias-correction
using the in situ data is working well, as the observation-
minus-background bias for in situ data remains around
zero for all elevations with the exception of a single outlier.
This observation platform is located in Lake Ladoga (31°E,
61°N). In situ observations from this location are suspect
as the data must be disagreeing with the rest of the obser-
vations assimilated into the analysis for this lake.

On comparison with Fig. 5a, the equivalent plot for
the AATSR (Fig. 5b) shows more of a spread in the mean
difference at various elevations, despite this also being used
as a reference dataset. This may be related to the temporal
sampling of the AATSR data, as there could potentially be
several days or more between these measurements, allow-
ing the LSWT analysis to drift away from the AATSR
reference.

Similar plots for mean and RMS difference to ARC-
Lake were examined for any relationships with lake depth
and volume but none were found.

6. Summary and conclusions

Operational analyses of LSWT have many potential
uses, including improvement of NWP models on regional
scales. Therefore LSWT was included in the Met Office
OSTIA product in November 2011 for 248 lakes globally.
The OSTIA LSWT analysis is produced in the same way as
the SST analysis using in situ data from the GTS where
available and GHRSST satellite data. Not all satellite data
types used in OSTIA contain LSWT information. AVHRR
data from the MetOp-A and NOAA-18 satellites and
AATSR data from Envisat were used for this study. There
is significant day-to-day variation in the number of infra-
red satellite surface temperature observations available
over lakes because of cloud cover and the relatively small
surface area to be captured in a satellite overpass. As the
retrievals from the satellite instruments are optimised
for SST, their use will introduce inaccuracies in a LSWT
analysis, but these are currently the only data sources
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Fig. 5. Mean difference of (a) in situ observations minus OSTIA

LSWT background and (b) AATSR observations minus OSTIA
LSWT background. For each lake with available observations,
for JJA 2009, with elevation. Note that 83% of in situ observations
are located in the North American Great Lakes, whereas AATSR
is spread globally.

available for producing a near-real-time analysis. The
OSTIA analysis procedure uses components designed for
oceans for this first version of the LSWT product.

The global accuracy of the OSTIA LSWT product for
JJA (June to August) 2009 compared against independent
satellite observations from the ESA ARC-Lake project
based at the University of Edinburgh (MacCallum and
Merchant, 2011) is 1.31 K (RMS) with a mean difference of
0.65K (OSTIA minus ARC-Lake, and including a cool
skin effect of around 0.2K). Using in situ observations,
the global observation-minus-background statistics are
1.02K (RMS) and —0.13K (mean difference) for the
same period, although most of these observations (83%)
are located in the North American Great Lakes. The global
accuracy of the OSTIA LSWT analysis is poorer than that
of the operational SST analysis [0.57 K RMS (Donlon
et al., 2012)] as would be expected. Although it does not

meet the ideal accuracy requirement for NWP of 0.50 K
RMS with a threshold of 0.80 K (Donlon et al., 2012),
it has been demonstrated that the OSTIA LSWT is an
improvement over the use of the ESA ARC-Lake climatol-
ogy to capture the day-to-day variation in global lake
temperatures.

There are clearly a number of factors which can
potentially affect the accuracy of a LSWT analysis for
an individual lake. It might be expected that LSWT analyses
for large lakes at low altitudes, that is, those which approx-
imate the oceans for which the retrievals and analysis
methods are optimised, would produce the best results.
This would also apply to those lakes with less complex
shorelines, minimising the impact on the satellite retrievals
from coastal contamination. It has been shown that
analyses for lakes with all these qualities tend to have a
positive bias, so it is possible that compensating errors in
the analyses exist for smaller lakes at higher elevations,
reducing the bias found for these lakes. It has also been
demonstrated that analyses for lakes within 30° of the
equator have smaller RMS differences. Using all these
criteria, the three ‘best’ lakes in the OSTIA LSWT anal-
ysis are Lake Nyasa/Malawi (mean difference 0.30K,
RMS 0.33K compared to ARC-Lake observations), Lake
Tanganyika (mean difference 0.37K, RMS 0.41K) and
Lake Victoria (mean difference 0.40 K, RMS 0.44 K). Note
these lakes meet the target accuracy requirement for NWP
of 0.50 K RMS mentioned above and certainly meet the
threshold of 0.80 K. Each of these lakes also has an average
of several hundred satellite observations per day for the test
period of JJA 2009. Sampling issues are however clearly
an important source of error for many lakes in the LSWT
analysis as cloud cover and the frequency of satellite
overpasses, as well as wintertime ice cover mean the number
of observations can be sparse.

The magnitude of the bias in the OSTIA LSWT anal-
ysis compared to independent ARC-Lake satellite data
(MacCallum and Merchant, 2011) indicates that the refer-
ence dataset used to estimate the bias-correction for the
analysis could be improved. A near-real-time reference data-
set with lake-specific processing, including improved retrievals
and cloud-clearing schemes, is therefore likely to be of signi-
ficant benefit to the quality of the OSTIA LSWT analysis.

Future work on the OSTIA LSWT analysis itself should
also include verification of wintertime lake ice concentra-
tion and LSWT. In addition, the problem of sparse data
over lakes means the analysis can drift towards climatology
in the absence of observations, particularly in wintertime
when ice cover prevents LSWT retrievals. An improved
background check for quality control of observations over
lakes would avoid the problem of rejecting good quality
observations when the analysis drifts too far. This could be
achieved by developing more suitable background errors
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for lakes and tuning the parameters specified a priori in
the Bayesian background check. The use of lake-specific
background error variances and correlation length scales
would not only improve the analysis but also avoid spread-
ing analysis increments too far. This issue could further
be improved by, if necessary, preventing increments from
being spread between lakes, or from the ocean to a lake.
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8. Appendix

List of acronyms

(A)ATSR — (Advanced) Along Track Scanning Radiometer
ARC-Lake — ATSR Reprocessing for Climate: Lake Surface
Water Temperature and Ice Cover

AVHRR - Advanced Very High Resolution Radiometer
ESA — European Space Agency

GHRSST - Group for High Resolution Sea Surface
Temperature

IASI — Infrared Atmospheric Sounding Interferometer
LSWT — Lake Surface Water Temperature

MCSST - Multi-Channel Sea Surface Temperature
(algorithm)

NCEP - National Centers for Environmental Prediction
NLSST — Non-Linear Sea Surface Temperature (algorithm)
NOAA — National Oceanic and Atmospheric Administration
NWP — numerical weather prediction

OSI SAF — EUMETSAT Ocean and Sea Ice Satellite
Application Facility

OSTIA - Operational Sea Surface Temperature and Ice
Analysis

RMS - root mean square

SST — Sea Surface Temperature

SSM/I — Special Sensor Microwave Imager

SSMIS — Special Sensor Microwave Imager/Sounder
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