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1. Publishable Executive Summary
High resolution sea surface temperature observations from 8 different satellite sensors are validated against in situ observations in the North Sea and Baltic Sea area. The SST observations are all obtained from the GODAE High Resolution Sea Surface Temperature - Pilot Project (GHRSST-pp) and covers the period January 2006 to October 2007. The satellite sensors that are used in this study are: The infrared AATSR on ENVISAT, AVHRR on NOAA 17, 18 and METOP-A, SEVIRI on METEOSAT-8, MODIS on Aqua and Terra and the microwave sensor AMSR-E on the Aqua satellite. The most important satellites in this region in terms of data return are the AVHRR sensors on the NOAA 17, 18 and METOP-A as well as the MODIS Aqua/Terra sensors. Comparisons of the subskin satellite SST against in situ observations reveal that the use of the satellite quality flags are important when using these data. The satellite observations with the best quality flag compare in general well to the in situ observations, with standard deviations around 0.5oC and biases below 0.3oC. The good performance even applies to the SEVIRI sensor, which is in a geostationary orbit and has high incidence angels in this region. The satellite, which has the smallest differences to the in situ observations is the AATSR observations on the ENVISAT satellite. These observations result in a standard deviation of 0.4oC and a bias of -0.06oC when compared to in situ observations. A “best” satellite dataset is compiled, based upon the individual satellite validations. This dataset is used to calculate more detailed statistics, such as: day versus night, depth dependency, time dependency and statistics for a Danish Straits sub-domain. 

2. Introduction
Several high resolution satellite sea surface temperature (SST) products have become available in the same format within the recent years from the GHRSST-pp project. The spatial resolutions of the products ranges from 1 km for the infrared sensors such as MODIS and AATSR to about 25 km from microwave satellite sensors such as AMSR-E. 
The consistency in the processing and data format of the different products makes it very easy to use for producing gap free Level 4 SST products or for validation/assimilation with hydrodynamic models. However, it also imposes a challenge to determine the error characteristics for the different sensors in the particular coastal or regional seas. The retrieving algorithms and the cloud screening methods are in all cases developed for global or very large regions and validated using in situ observations from the open ocean, but the high spatial resolution of the satellite products also facilitates regional studies in shelf seas and coastal regions. It is well known that the oceanic and atmospheric conditions in the coastal marine environment may be very different from the conditions that applies to the open ocean far away from land effects (see e.g. Høyer and She, 2004, 2007). The spatial and temporal scales of the variability is usually much smaller when approaching the coast and this is a significant limitation to the use of the satellite data. This means that there is a need for quantifying the performance of the various satellite SST observations through comparison with in situ observations and to reference all satellite observations to each other.
The work carried out in this report examines 8 different satellite products, ranging from infrared polar orbiting and geostationary satellites to microwave polar orbiting satellites and thus covers fundamentally different observing techniques and satellite orbit characteristics.
3. Satellite data 

3.1. Satellite products

The satellite observations used for this study comprise: 

· AATSR on the ENVISAT satellite 
· AVHRR on the NOAA 17 satellite

· AVHRR on the NOAA 18 satellite
· AVHRR on the METOP-A satellite

· SEVIRI on the Meteosat 8 satellite
· MODIS on the Aqua satellite
· MODIS on the Terra satellite
· AMSR-E on the Aqua satellite
All satellite observations are from the Godae, High Resolution Sea Surface Temperature - Pilot Project (www.ghrsst-pp.org) and in level 2 format (Donlon et al., 2005). The satellite observations are in netcdf format and are obtained via ftp from the global data assembly centre (GDAC, http://ghrsst.jpl.nasa.gov/) and from the long term stewardship and reanalysis facility at the national oceanographic data center (http://ghrsst.nodc.noaa.gov/) for observations older than 30 days.  The corresponding ftp sites where data can be obtained are: ftp://podaac.jpl.nasa.gov/GHRSST/data/L2P/ for the GDAC and ftp://data.nodc.noaa.gov//pub/data.nodc/ghrsst/L2P/  for the LTSRF. 
The SST observations can be skin or subskin observations in level 2P format. The parameter retrieved from the netcdf files as sea_surface_temperature is the subskin temperature for all the satellites used here, except the AATSR and the MODIS from Aqua and Terra, which are skin SST. To have a consistent dataset, the AATSR and MODIS observations are therefore converted into a subskin temperature, by adding 0.2oC to the observations. In addition, the L2P files contain an estimate of the bias error of the specific sensor: SSES_bias_error. This bias error has been applied (subtracted) in this study to correct all the satellite observations. For more information about the satellite products and the content of the L2P files, see Donlon et al, 2007.

A brief description of each of the satellite products is given below: 

AATSR
· Infrared observations using a dual view technique 

· Polar orbiting satellite 
· The data are processed by the ESA/MEDSPIRATION project (http//www.medspiration.org)
· 1 km Spatial resolution

AVHRR, NOAA 17 and 18

· Infrared observations
· Polar orbiting satellites 
· Data processed by the Ocean & Sea Ice Satellite Application Facility (O&SI-SAF) team (http://www.osi-saf.org/index.php)
· 2 km spatial resolution (the North Atlantic Regional product, NAR)
AVHRR, METOP-A
· Infrared observations
· Polar orbiting satellite 

· Data processed by the O&SI-SAF team (http://www.osi-saf.org/index.php)

· 1 km spatial resolution globally 
· Date available from July, 2007

MODIS Aqua and Terra

· Infrared observations

· Polar orbiting satellites  
· Data processed by JPL/NASA and University of MIAMI, RSMAS (http://modis.gsfc.nasa.gov/)
· 1.1 km spatial resolution

· Terra Satellite products from October 2006 and Aqua from July 2007 
SEVIRI
· Infrared observations, geostationary satellite

· Data processed by the O&SI-SAF project (http://www.osi-saf.org/index.php)
· Spatial resolution: 0.05 degrees (experimental product)

· Hourly resolution
AMSR-E
· Microwave observations

· Polar orbiting satellite

· Data processed and delivered to the GHRSST-pp team by: Remote Sensing Systems, (http://www.remss.com/ssmi/ssmi_browse.html)
· 25 km spatial resolution
3.2. Quality control on satellite observations

The existing quality flags will be used, as described in O&SI SAF Atlantic SST product manual at: www.osi-saf.org. This classification has six levels, from 0 to 5. The definition of the confidence level is described below  

0: unprocessed: out of area, land, no satellite data
1: erroneous: no cloud classification or failure in SST calculations

2: bad: close to the minimum climatologic value and close to a cloud

3: acceptable: close to a cloudy pixel

4: good: close to the minimum climatologic value
5: excellent: no problem

In this study, only satellite observations with a quality flag of 3 or more have been used. 

3.3. Satellite data coverage

The satellite data coverage for the infrared satellite observations are limited by cloud cover, which makes a large difference in the data return for different regions. The figure below shows the number of 2 km satellite observations from the O&SI-SAF product during one month, when it is summed up in a spatial 0.05 degrees  regular latitude longitude grid. The two months January and July are shown to illustrate the seasonal differences in cloud cover. The spatial structure of the data return looks similar for the other infrared sensors whereas the major limitation to the microwave AMSR-E observations is land contamination, which results in no coastal observations within ~100  km from the coast.  
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Figure: Number of NOAA 18 satellite observations from the SAF NAR product in the months of January (left) and July (right) in a 0.05 degrees regular lat-lon grid.
	Jan, Sat.
	Ntotal
	% Q3
	%Q4
	%Q5

	SAF NAR-17
	57523405
	72.7
	3.9
	23.4

	SAF NAR-18
	64435390
	74.2
	2.4
	23.4

	METOP-A
	N/A
	N/A
	N/A
	N/A

	AMSR-E
	12925862
	0
	100
	0

	SEVIRI
	42319817
	75.2
	2.1
	22.6

	AATSR
	27119727
	41.9
	11.7
	46.4

	MODIS, Aqua
	N/A
	N/A
	N/A
	N/A

	MODIS, Terra
	311768783
	34.9
	13.1
	52.0


Table: Total number of observations in the domain in January 2007, day and night for each of the different sensors. The distribution  of the data per quality flags is also shown. 
	July, Sat. 
	Ntotal
	% Q3
	%Q4
	%Q5

	SAF NAR-17
	103222281
	65.0
	2.9
	32.1

	SAF NAR-18
	101900878
	61.4
	3.8
	34.8

	METOP-A
	239965343
	11.6
	22.4
	66.0

	AMSR-E
	9535902
	0
	100
	0

	SEVIRI
	90484720
	55.0
	6.9
	38.1

	AATSR
	78538772
	34.4
	10.5
	55.1

	MODIS, Aqua
	282080005
	22.2
	14.4
	63.4

	MODIS, Terra
	570938861
	20.8
	12.1
	67.1


Table: Total number of observations in the domain in July 2007, day and night for each of the different sensors. The distribution of the observations on the quality flags is also shown. 

4. In situ observations

The in situ data comes from several different sources. The main providers are: 

· Danish National Environmental Institute, NOVANA (http://www.dmu.dk/Overvaagning/NOVANA/)
· Bundesamt für seeshifffart und hydrographie (http://www.bsh.de)
· Coriolis data center (http://www.coriolis.eu.org/)
· GTS network
4.1. In situ data providers
4.1.1. NERI
The National Environmental Research Institute (NERI) in Denmark. NERI provided the NERI/stations and the moored buoys in the Danish waters through the Danish NOVANA program (http://www.dmu.dk/Overvaagning/NOVANA/).  
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Figure: Positions of the buoy observations (left) and the near real time stations(right). 
The NERI buoy data are only available for year 2006 whereas the near real time observations are available for the full period. This is seen in the figure below showing the monthly number of  in situ observations from NERI. 
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Figure: Monthly number of in situ observations obtained from NERI and the Danish NOVANA program. Left is from the buoy observations and right is from the near real time station data. Only observations shallower than 5 meters are used and counted.  
4.1.2. MARNET

Buoy observations of SST are also obtained from the German buoy network, MARNET (http://www.bsh.de/de/Meeresdaten/Beobachtungen/MARNET-Messnetz/index.jsp). The positions of the buoys are shown in the figure below: 
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Figure: Positions of the German MARNET buoys. Red indicate that the buoys are currently not working (figure taken from www.bsh.de).
The temporal coverage of the MARNET observations is shown in the figure below, with monthly number of observations from Jan 2006 to Oct 2007. Most of the observations are hourly, which gives a relative large amount of data compared to  the limited number of buoys. 
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Figure: Monthly number of in situ observations available from the MARNET buoy observations. 
4.1.3. Coriolis data 
SST observations from drifting buoys are obtained from the Coriolis data center (http://www.coriolis.eu.org/). The observations have been quality controlled by the Coriolis team and each observation comes with a quality flag with values from 1 to 9 (Coatanoan and Villéon, 2005). Only data which have passed all quality checks (quality control flag = 1) are included in this study.  The drifter observations are mostly obtained in the open ocean such as the northeastern part of the North Atlantic whereas a very limited number of observations are found in the North Sea and Baltic Sea region. The positions with observations during 2006 and 2007 are shown in the figure below.
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Figure: Positions of the SST observations from drifting buoys. The data are obtained from the CORIOLIS data center.
The distribution of the drifting observations throughout the validation period is shown in the figure below. 
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Figure: Number of available in situ observations from drifting buoys
4.1.4. Observations from the GTS network

Observations are retrieved from selected fixed stations in the GTS network together with the Danish research vessel Vaedderen. The positions of the observations are show in the figure below. 
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The temporal distribution of the data from the GTS network is shown in the figure below.
[image: image12.png]Number

GlsBuUOY

1200f----- : E
1000+ | ; ; ; ; .
so0f : : ] | o
600k -t . : ] | i
400 i 1

200 - i 9

(o]
Jan0é Apr06é Juloé Oct0s Jan07 Apr07 Julo7  Oct07




Figure: Monthly number in situ observations from the GTS network 

4.2. Quality control

The quality control on the in situ observations is performed in several steps. 
The first quality check applies very simple limits to the data and ensures that all the observations are below 35oC and above -1.8oC and that latitudes and longitudes are reasonable. 
The second check tests for redundancy in the data. If observations are within: 0.005 degrees in latitude and longitude and 30 minutes in time and 0.5 meters in depth and 0.25oC in temperature, then the two observations are considered to be redundant and one of them is removed. 

The third test applies only to moored buoy observations. This test is a consistency check that compares an observation with the two previous observations and assumes that the position and temperature does not change substantially within short time. If the three observations are within 6 hours and if the latitude or longitude changes more than 0.5 degrees or if the temperature changes more than 3oC within the 6 hours, then the observation is flagged and not used in the comparison. This test is particularly useful when performing quality control on the buoy observations obtained form the GTS network. 
The fourth test is a comparison against climatology and applies to all observations. The climatology used for this study is the Pathfinder version 5, monthly 4 km nighttime climatological SST values, prepared by Ken Casey, NOAA National Oceanographic Data Center (http://data.nodc.noaa.gov/pathfinder/Version5.0_Climatologies/ ). The in situ observations are compared to the nearest grid point in the climatology and linear interpolation between the two relevant months is used to match the climatological SST with the time of the observation. An in situ observation is flagged as bad if it deviates more than -2 or +3oC from the climatology. This is a very restrictive criteria to minimize the contribution from in situ observations errors on the satellite-in situ comparisons  
If any of these quality controls described above fails for a given in situ observation it is not included in the comparison with the satellite observations. 
5. Comparisons

5.1. Matching criteria
In the process of comparing the two types of observations and constructing a matchup database, one has to decide upon when an in situ observation coincides with a satellite observation. These matching criteria were based upon several tests where the limits were changed individually. This was done to ensure that the differences in the comparisons did not arise from the fact that the physical conditions were different at the in situ time and position and at the satellite time and position. 

The criteria used to identify the coinciding in situ – satellite SST pairs were: 

· A maximum time difference of 2 hour between the satellite and in situ observations 

· A maximum distance of 25 km 

· The depth of the in situ observations is between 0.0 and 1.5 meter
· The quality flag on the satellite observation is 3 or above
A matchup database was constructed using these criteria to extract the time and position of the in situ observations and the satellite SST from the closest cloud free pixel.
5.2. Validation of the individual satellites

The general statistics for the matchup database will be presented in this section. The numbers calculated or each satellite and for each satellite quality flag are presented in the tables below.  

	AATSR
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	7650
	0.04
	0.66

	Closest, qflag = 4
	524
	-0.37
	0.51

	Closest, qflag = 5
	1732
	-0.06
	0.40


	SAF NAR-17  
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	41719
	-0.29
	0.90

	Closest, qflag = 4
	1880
	-0.12
	0.58

	Closest, qflag = 5
	6324
	0.01
	0.51


	SAF NAR-18
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	41600
	-0.23
	0.90

	Closest, qflag = 4
	2053
	-0.20
	0.79

	Closest, qflag = 5
	6211
	0.27
	0.75


	AVHRR, METOP-A
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	3964
	-0.50
	1.2

	Closest, qflag = 4
	5881
	-0.17
	0.74

	Closest, qflag = 5
	5785
	-0.06
	0.63


	Modis Aqua 
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	4884
	0.66
	1.52

	Closest, qflag = 4
	1136
	0.0
	1.05

	Closest, qflag = 5
	2592
	0.11
	0.51


	Modis Terra 
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	19917
	0.41
	1.5

	Closest, qflag = 4
	4898
	-0.10
	1.19

	Closest, qflag = 5
	10858
	0.12
	0.61


	Seviri 
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	30364
	-0.20
	0.78

	Closest, qflag = 4
	2695
	-0.15
	0.57

	Closest, qflag = 5
	7825
	0.04
	0.56


	AMSR-E
	Number of obs
	Bias
	Standard deviation

	Closest, qflag = 3
	0
	N/A
	N/A

	Closest, qflag = 4
	24530
	-0.1
	0.61

	Closest, qflag = 5
	0
	N/A
	N/A


From the results above, it is evident that the performance of the satellites observations in relation to the quality flag levels is not completely consistent. The AMSR-E products use only the quality level 4 for good pixel values. The other satellite products in general show improved performance, in terms of smaller bias and lower standard deviation, as the quality level increases. Exceptions from this is the bias on the NAR 18 product, where the quality level 5 bias is larger that for lower quality levels.   
The error statistics in the tables are summarized in the two figures below:
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Figure: Bias of the satellite - in situ comparisons. Red columns indicate a satellite quality flag of 3, blue a quality flag of 4 and green a quality flag of 5. 
[image: image14.png]Degrees C

ssabihs

AATSR  NAR17 NAR18

METOP-A MODIS-A MODIS-T SEVIRI AMSR-E





Figure: Standard deviation of the satellite – in situ comparisons. Red columns indicate a satellite quality flag of 3, blue a quality flag of 4 and green a quality flag of 5. 
Based upon the statistics shown above, a “Best” satellite - in situ dataset was compiled. This dataset is used for more detailed statistics, such as monthly variation in the satellite SST performance and day/night statistics. The “Best” matchup dataset includes quality flag 5 observations from: AATSR, SAFNAR 17, METOP-A, Modis Aqua and Terra and Seviri. The “Best” dataset has a general bias of -0.03oC and a standard deviation of 0.57oC based upon 35094 comparisons.  
5.3. Monthly statistics
Using the “Best” subset of the matchup database described above it is possible to calculate the monthly behavior in the error statistics. The figure below is based upon comparisons from January 2006 to October 2007.
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Figure: Monthly bias (asterisk) and standard deviation (error bars) of the “Best” data set. The numbers refer to the matchup pairs for every month. The error bar in red indicate the overall statistics. 
5.4. Daytime vs. Nighttime 

Diurnal variations can play an important role, even in mid-latitudes, where reports of several degrees Celcius have been presented for the central North Sea (Merchant et al., 2008). This effect was tested by separating the satellite data into nighttime and daytime. Daytime were here defined as the hours between 10.00 and 18.00 and nighttime were the remaining hours.  
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Figure: Error statistics for the “Best” daytime (green) and nighttime (black) satellite - in situ matchups.
5.5. Depth dependency 

The depth dependency of the in situ and satellite comparisons was assessed by grouping the data into different depth classes and then calculating the statistics. The depth interval for the statistics were 1 meter, with 0 meters as the first depth. Second depth interval was centered on 1 meters and covered in situ observations from 0.5 to 1.5 meters and so forth. The “Best” dataset was used for calculating the statistics and the normal matchup criteria were followed except for the depth criteria (0-1.5 meters) that was not imposed. The statistics is shown in the table and figure below. 
	Depth
	Nobs
	Bias
	Stddev

	0
	32570
	0.03
	0.56 

	1
	2463
	0.19
	0.67

	2
	7584
	0.39
	0.69

	3
	7919
	0.15
	0.59

	4
	4595
	0.4
	0.87

	5
	925
	0.44
	0.82

	6
	588
	0.54
	1.45


[image: image17.wmf]
Figure/Table: Bias and standard deviation for the satellite – in situ comparisons at different in situ observation depths. The figure illustrates the results in the table. 

5.6. The Danish Straits 

All the statistics until now have been calculated for the North Sea/Baltic Sea region. However this region also comprises the North Sea shelf and part of the Northeastern North Atlantic. In the Danish Straits, observations from buoys are very close to the coast, and the performance of the satellite observations in this area is therefore interesting. To determine the performance, only observations from 50 to 60oN and between 0 and 20oE have been used for the validation. The statistics are shown in the table below. As expected the satellite–in situ differences are slightly elevated compared to the results for the large domain. 
	Danish Straits
	Number of matchups
	Bias
	Standard deviation

	“Best”  matchups
	6342
	0.22
	0.63


6. Conclusions

Several high resolution satellite SST products from the GHRSST-pp project have been compared to in situ observations in the North Sea/Baltic Sea region. In terms of data return, the most valuable satellite products are the AHVRR products from the NOAA and METOP-A satellites and the MODIS observations from the Aqua and Terra satellites. With the hourly resolution, the SEVIRI instrument on METEOSAT-8 also delivers a significant amount of observations. 
When the different satellite products are compared to the in situ observations, it is revealed that the satellite quality flagging is important. Except for the AMSR-E data, the performance improves as the quality level increase. There are, However, some inconsistencies in the quality flagging from one satellite to the other. Whereas there is not much difference between SEVIRI data with quality flags of 3, 4 or 5, the satellite quality flags are very important when the MODIS data are used where standard deviations decrease from 1.5oC for quality flag 3 to 0.6oC  for quality flag 5. 
In general, the satellites show a standard deviation around 0.5oC and biases less than 0.3oC when only satellite observations with quality flags of 5 are used. Note that the statistics on the satellite – in situ differences is not the error on the satellite observations. The in situ observational errors as well as representation errors are included in these numbers, which can be a significant part of the differences (She et al., 2007). The statistics on the differences must therefore be considered as the high limit of the errors on the satellite observations. The most accurate satellite, in terms of standard deviation is the AATSR sensor, with a standard deviation of 0.4oC and a bias of -0.06oC for a quality flag of 5. The performance of the SEVIRI instrument is surprisingly good, when the large incidence angles and the altitude of the geostationary satellite is taken into account. The AMSR-E performance is also noticeable due to the 25 km resolution but no observations are from the coastal areas due to limitations in the microwave observation technique. 
The separation of the matchup pairs into daytime and nighttime reveals that the differences are in general small. The standard deviations of the in situ - satellite differences are the same for daytime and nighttime observations whereas a larger bias is observed during the night than day. Note that there might be a seasonal behavior in this statistics. 
When comparing the satellite observations against in situ observations at depth, it is evident that the differences are about similar for observations in the upper 3 meters of the water column. A significant increase in the standard deviation and bias is seen when the in situ observations are from 4 meters and below. As expected, the bias is positive towards deeper levels, which could indicate the presence of a shallow thermocline within the upper 6 meters.  
The bias on the NOAA NAR18 product is significantly higher than for the other sensors. The reason for the large differences is not known but more work is needed on this subject to assess the origin of these differences. The distribution of the in situ observations in the region is biased towards the North Sea and the Danish Straits. To better assess the performance of the satellite data over the whole domain, more in situ observations are therefore desirable in the central Baltic Sea and the Bay of Bothnia. Future work will also include validation of satellite data where the individual satellite observations all are referenced to the AATSR sensor. The AATSR bias fields are currently being calculated by Meteo-France and provide a unique opportunity to combine all the different satellite products into one field with minimal bias (Le Borgne, et al., 2006).
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