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General Information
Project Title SST Diurnal Variability: Regional EXtend & IMplications in Atmospheric Modelling     
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Candidate name and complete 
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General Project Presentation

Target Challenge/s of the Living Planet Program: 
- Understand physical and bio-chemical air/sea interaction processes (Challenges of the Ocean).
- Provide reliable model- and data-based assessments and predictions of the past, present and future state of the ocean (Challenges of the 
Ocean).
- Understand and quantify the natural variability and the human-induced changes in the Earth's climate system (Challenges of the 
Atmosphere).    

Abstract: (max 500 words)
Sea Surface Temperature (SST) and ocean-surface winds have been identified as essential variables by the Global Climate Observing 
system (GCO). Satellite observations have aided the understanding of air-sea interactions and the important role these two parameters hold in 
climate related studies, atmospheric and oceanic modelling, bio-chemical processes and oceanic CO2 studies. The diurnal variability of SST, 
driven by the coincident occurrence of low enough wind and solar heating, is currently not properly understood. Atmospheric, oceanic and 
climate models are currently not adequately resolving the daily SST variability, resulting in biases of the total heat budget estimates and 
therefore, demised model accuracies. Moreover, diurnal SST variability complicates the merging of SST fields from different satellite sensors 
and is a source of bias for the satellite wind retrieval algorithms.
The proposed project aims at characterising the regional extend of diurnal SST signals and their impact in atmospheric modelling. It is 
proposed to use the 6-year long SEVIRI (MSG) hourly SST to perform a low, mid and high latitude evaluation of the diurnal cycle to identify 
regional patterns. ENVISAT AATSR SSTs will be used for validation purposes along with drifting and moored buoy measurements. Satellite 
SSTs are representative of the upper centimeter of the water column but understanding of the vertical extend of diurnal signals is essential. 
Drifting buoys provide measurements close to the surface but are not always available. Moored buoys are generally not able to resolve the 
daily SST signal. The General Ocean Turbulence Model (GOTM) is able to resolve the vertical temperature structure of the upper water 
column and will be implemented for comparison with satellite SSTs, moored and drifting buoys in order to interpret potential mismatches.
The perturbations in an atmospheric model, associated with the daily SST cycle will be assessed using interpolated, hourly, SSTs. These will 
be generated from SEVIRI, applying an optimal interpolation method. When SEVIRI observations are not available, diurnal signals will be 
modelled by a simple parameterization scheme. This successfully captures the statistical distribution of warming compared to SEVIRI. Gap-
free, hourly SST fields will be implemented in the high resolution Weather Research & Forecasting (WRF) model, currently operational in 
DTU. Impact assessment will include comparison of the modelled 10-m wind fields against the ESA's ENVISAT ASAR 10-m winds (retrieved 
at DTU) and in situ measurements at various atmospheric levels, from meteorological masts located offshore. Heat flux error estimates will be 
assessed and compared with the SEVIRI SSI & SLI products. 
The proposed project aims at expanding the scientific background for understanding the spatial and temporal variability of key climate 
variables and their representativity in atmospheric and oceanic models. ESA SENTINEL-1 and SENTINEL-3 are highly anticipated as new 
satellite observations for 10-m winds and SST will be useful for the continuation of this research project. ESA's future ADM-Aeolus mission will 
provide satellite observations of vertical wind profiles, offering the possibility of investigating the potential signature of diurnal SST signals at 
higher atmospheric levels and validating the modelled wind fields at various heights.     

Project Objectives: (max 150 words)
1. Quantify the regional extend of diurnal warming from hourly SST fields (MSG) for different latitude bands. 
2. Compare with drifting buoys and AATSR SST fields.
3. Apply GOTM, to resolve the vertical temperature structure and investigate the correlation between satellite-derived SSTs and observations 
from moored and drifting buoys.
4. Interpolate hourly SST fields and assimilate them in a NWP model for the Northern European Seas, for specific test cases
5. Validate the modelled 10-m winds against ENVISAT ASAR 10-m wind fields and in situ observations from meteorological masts.  
Comparisons between the high resolution modelled and SAR wind fields are important for the identification of spatial patterns, where typically 
the former may not be accurate.
6. Assessment of error estimates from the atmospheric model's heat fluxes due to the SST perturbation
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7. Quantify the added value in the NWP system by properly resolving the diurnal SST cycle      

Project outputs: (max 150 words)
1. A database of SST diurnal variability from 60o S to 60o N characterising the extend and shape of the diurnal cycle for different 

regions
2. SEVIRI validation against ENVISAT AATSR SST fields
3. Regional satellite, buoy and model comparisons regarding the vertical structure of the diurnal signals
4. Gap-free hourly SST fields, using an optimal interpolation scheme and a diurnal warming parameterization model, for selected 

cases
5. Database of validation betwen  the modelled 10m wind fields, ASAR derived winds and in situ measuremnts
6. Impact assessment of hourly SST values on NWP heat and momentum fluxes  

Expected contribution to the target challenge, innovation and scientific impact: (max 500 words)
Expected Contribution to target challenge
SST and its diurnal variability hold a key role in target challenges related to physical and chemical air/sea interaction processes, 
atmospheric and oceanic modelling and climate trends. The proposed project will contribute with scientific results related to fundamental 
and interdisciplinary research that will be related with new products, data assimilation, improved models. As such,

– The diurnal SST cycle that contributes in physical and chemical air/sea interaction processes will be better understood
– Reliable model and data based assessment and prediction of the past, present and future state of the upper ocean dynamics in 

terms  of SST variability will be achieved. 
– The above metioned results will aid to better understand and quantify the natural variability in the Earth's climate system, in terms of 

SST trends and the SST diurnal variability which is currently not properly accounted for.

Innovation
The innovation of the proposed project rests in the novel findings of I) the regional extend of diurnal SST signals from hourly satellite fields, 
which nonetheless provide only a description of the conditions in the very first micron (InfraRed) or cm (MicroWave) of the water column. II) 
Understanding the vertical extend of these diurnal signals is a key issue that will only be resolved by reliable physical models (such as the 
General Ocean Turbulence Model). In addition, using gap-free hourly SST fields in an atmospheric model will III) aid the assessment of the 
model's errors, associated with the SST perturbations. Such an assessment will potentially lead to IV) more accurate modelled wind fields that 
can be used to better resolve the expected SST diurnal variability.   

Scientific Impact
The scientific impact of the proposed project rests in dealing with topics from different research fields that are highly connected. As such, the 
project results will impact

− Current knowledge on the regional extend and frequency of diurnal warming. 
− Understanding of the differences between the satellite-derived SST in connection to in situ measurements from moored and drifting 

buoys. 
− Demonstration of different approaches for the modelling of diurnal signals. A model able to capture not only the statistical 

distribution but also the spatial extend of the diurnal cycle will be highly relevant to correct for satellite overpass times when 
generating multi-sensor products. 

− Impact assessment of the SST perturbation on an atmospheric model through the use of ESA Earth Observation data.
− Advancement of the applicability of satellite observations in different and new (offshore wind energy) research communities.     

Complementarities with other relevant ESA and non ESA funded activities: (max 150 words)
- The Diurnal Variability (DV) work will complement the ESA CCI project on SST, where a novel correction for diurnal warming is being 
performed to adjust for inconsistent satellite overpass times.
- Close collaboration with the Group for High Resolution Sea Surface Temperature (GHRSST) will be maintained through participation in 
the SST Diurnal Variability Working Group. 
- The first part of the proposed project (Months 1-10) will be in conjunction with the work performed within the O&SI SAF at CMS. 
- The impact assessment on the NWP model, currently under operational status in DTU, will aid the improvement of the performance of 
atmospheric models in a regional scale. 
- Within the wind energy framework, it is expected to improve forecasting and aid the lifting process of the satellite wind fields from the 
current 10-m height to higher atmospheric levels (for example wind turbine hub heights, relevant for offshore wind energy estimates).    
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Scientific Proposal
(Maximum 3 pages + 2 additional pages for figures and references)

Problem Statement and scientific background: 
Problem Statement
Sea Surface Temperature (SST) is a key climate variable that holds an important role in the exchange of heat, gas and momentum between 
the ocean and the atmosphere. During day time and under favourable conditions of low enough winds and solar heating, the upper few meters 
of the oceanic layer may experience an increase of temperature that can reach up to several degrees. This is most intense in the first few 
millimetres of the water column; the part observable from microwave and infra-red sensors on space-borne platforms.
Diurnal warming studies are limited by the availability of SST observations with a high spatio-temporal resolution; in situ studies offer high 
temporal resolution but are limited in spatial extend. Satellite observations can aid as they provide extended spatial coverage. Polar orbiters 
have a high spatial resolution but only some few SST retrievals are available each day at a given position and at times that may not always be 
suitable for the description of the diurnal cycle. Geostationary platforms provide hourly SST fields over an area, at a high spatial resolution 
which nonetheless is demised with the distance from the satellite nadir. 
As the diurnal cycle of the SST is still not properly understood, most atmospheric and climate models only use one SST field per day, 
representative of night-time conditions. However, the water column is well mixed during the night and no diurnal warming is present. This 
simplification of the SST has been reported to cause biases in the estimated surface fluxes (Webster et al.,1996; Ward, 2006; Bellenger & 
Duvel, 2009; Bellenger et al., 2010). In addition, strong SST diurnal signals can complicate the assimilation of SST fields in ocean and 
atmospheric models, the derivation of atmospheric correction algorithms for satellite radiometers, the merging of satellite SST from different 
sensors (Donlon et al., 2007). Not accounting for the daily SST signal can cause biases in the scatterometer derived ocean wind fields and 
biases in the estimated net flux of CO2, as the outflux of oceanic CO2 is positively correlated with the increase of SST. 
Therefore, there is an increased need to understand, quantify and properly resolve the diurnal SST variability. In addition, it is very important 
to be able to resolve the vertical extend of such a signal, in order to relate observations from different instruments and to remove trends from 
climate records. This can be achieved using 1) observational evidence from in situ and satellite-derived SSTs and 2) models able to resolve 
the daily SST cycle and its vertical extend. Such models can be simple parameterizations, based on various input parameters such as the 
surface winds and heat fluxes. Such parameterizations are typically developed for local conditions and carry the uncertainty of their 
parameters and forcing fields (typically from NWP models, that are not resolving the SST diurnal cycle). For these reasons, such models are 
not applied successfully at different locations and are not used in NWP models to modify the single, daily SST field typically used as an initial 
condition. More complicated models such as turbulence closure models can resolve the vertical extend of the diurnal signal but they are 
computationally costly. 
Thus identification and quantification of the daily SST cycle needs to be performed at various regions, such as the low, mid and high latitudes, 
in order to better understand the conditions that drive the daily cycle. Successful modelling of the diurnal signal is essential for its 
understanding and for resolving its vertical extend. ESA's CCI project on SST aims at successfully modelling the diurnal cycle at a given 
location in order to correct for the inconsistent satellite overpass times, in the effort to create a long time series of stable SST fields. The 
success of such modelling attempts highly depends on the accuracy of the input fields, in particular the wind (typically obtained from NWP 
models). Consequently, there is a need to evaluate the impact of properly resolving the daily variability of SST in atmospheric models, in terms 
of momentum and heat fluxes.

Scientific Background
Most of the solar energy incoming through the atmosphere, is absorbed by the oceans and typically within the first few meters; in the oceanic 
surface layer. Exchange of heat, gas and momentum depends on the near-surface oceanic and atmospheric layers and their properties. 
Ocean surface winds and sea surface temperature (SST) are considered essential climate variables that hold an important role in air-sea 
interactions and climate regulation. Satellites have been providing information about ocean-surface winds and SST, thus aiding understanding 
of the interaction between these two climate variables. 
Under favourable conditions of low winds and solar heating, the temperature of the upper water column undergoes a diurnal cycle with a 
vertical distribution shown in Figure 1a. The different SST definitions are described by the Group for High Resolution Sea Surface 
Temperature - GHRSST (Donlon et al, 2007). During daytime and with low wind and solar heating, the skin and sub-skin temperatures, 
typically measured by satellites can increase by some degrees compared to the foundation temperature. 
Findings of such a diurnal cycle were reported in early in situ studies (Stommel, 1969; Kaiser, 1978). This diurnal variability has been 
observed in different areas of the global ocean including the Mediterranean (Deschamps and Frouin, 1984; Merchant et al., 2008), western 
North Atlantic (Cornillon and Stramma, 1985; Stramma et al, 1986; Price et al. 1987), the Gulf of California (Flament et al., 1993; Ward, 2006) 
and various locations in the global ocean (Otobe & Asai, 1985; Stuart-Menteth et al., 2003; Stuart-Menteth et al., 2005; Gentemann & Minett, 
2008) using combinations of in situ and satellite observations. Figure 1b, demonstrates the generation of a warm layer in the Gulf of California, 
based on observational evidence from a profiling instrument. Recorded temperature differences between the sub-skin and the 5m depth are 
~0.6o. 
Most of the studies mentioned above were limited in the Tropics and mid-latitude regions but recently diurnal warming has been reported at 
higher latitudes (Eastwood et al., 2011; Karagali et al., 2012). More specifically, Karagali et al. (2012) used 5 years of MSG SEVIRI hourly 
SST fields to quantify and characterise diurnal warming in the Northern European Seas. Figure 1c shows the monthly distribution of warming 
for different thresholds. In Figure 1d, the spatial extend of warming events exceeding 2 degrees and associated number of such occurrences 
are presented. In the attempt to understand the conditions under which the diurnal cycle is pronounced, in situ observations from moored and 
drifting buoys are essential. Recently, a preliminary study has revealed large diurnal signals when compared to drifting buoys in the inter-
tropical Atlantic, when in other regions of the SEVIRI disc the agreement between drifters and the satellite diurnal signal was found to be 
around 0.5 K (LeBorgne et al., 2012).
As the diurnal cycle of SST can be resolved by sensors on geostationary platforms, successful modelling of the daily variability is an ongoing 
aim as it will aid the understanding of the physical processes that occur prior and during diurnal warming events. It will also help to understand 
the biases in the diurnal signals from satellite derived SSTs and drifting buoys. In addition, accurate modelling will improve the resolution of 
the upper water column in operational ocean models and the representativity of SST in atmospheric models. Various models exist for the 
description of the diurnal cycle and their complexity varies from empirical parameterizations to turbulent closure models. An extended review 
of such models is available from Kawai & Wada (2002). Simple parameterization models (Clayson & Curry, 1996; Webster et al., 1996; Filipiak 
et al., 2011) are developed based on observational evidence at specific locations, thus do not always perform successfully when applied to 
other regions or implemented in NWP models. For this reason, there is a need to characterize the diurnal cycle at different regions. Recently 
Ciani et al. (2012), presented extensive comparisons between the General Ocean Circulation Model (GOTM), SEVIRI SST, moored and 
drifting buoys in the Mediterranean Sea. They reported very good agreement between the GOTM, moored and drifting buoy diurnal signals 
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while GOTM was found to slightly overestimate both the cooling and warming parts of the cycle when compared to SEVIRI. Nonetheless, the 
averaged daily cycle did not differ by more than 0.2 degrees. 
The implications associated with the lack of a properly resolved SST daily cycle in atmospheric, oceanic and climate models have been 
quantified in terms of heat budget errors mostly in the Tropics. Ward (2006) reported that the heat flux errors associated with the warm layer 
development, were between 10 and 50 Wm-2. Bellenger & Duvel (2009) reported an annual mean surface flux out of the ocean that reached 
up to 9 Wm-2, in regions with diurnal warm layer formation. 

1a) Vertical distribution of SST during night or under strong 
wind conditions (red line) and during the day under light winds 
(black line). Taken from Minett and Kaiser-Weis (2012), 
https://www.ghrsst.org/ghrsst-science/sst-definitions/

1b) Temperature-depth measurements from the SkinDeEP 
profiling instrument. The temperature is in oC, the evolution from 
left to right is time from 11 LST to 14. Taken from Ward (2006), 
Figure 4a. Station 4 is located at 25o09.49N, 112o59.52W, west of 
the Baja peninsula, Gulf of California.

1c) Monthly distribution for warming events of various 
thresholds. Taken from Karagali et al. (2012).

1d) Spatial extend of diurnal warming ≤2 K, from 5 years of 
SEVIRI hourly SST fields. Taken from Karagali et al. (2012).

Aim of the Project
The aim of the proposed project is to characterize the low-,mid- and high latitude distribution of diurnal warming using hourly SST 
observations from geostationary platforms; the European MSG constellation. Identifying areas where common diurnal warming patterns occur 
is important to better understand the conditions under which the diurnal cycle is formed. ENVISAT AATSR SSTs will hold a key role for 
comparisons with the SEVIRI SSTs, especially in areas where drifting buoys are not available. In addition, the General Ocean Circulation 
Model (GOTM) will be implemented in order to establish the correlation patterns between diurnal variability and the upper ocean dynamics. 
Such a model will serve as the link between the surface signals of the diurnal cycle, available by satellites, and the observational evidence 
from drifting and moored buoys.
After characterising the regional SST diurnal cycle, the aim is to assess its impact on an atmospheric model. This will improve understanding 
of the errors in the heat budget and momentum transfer, associated with the current coarse time resolution of SST. To achieve this, hourly 
satellite SST fields will be interpolated to obtain gap-free fields that will be used as initial conditions in a NWP model, operationally available in 
DTU Wind Energy (host institute). Similar studies have been performed (Marullo et al., 2010; Knievel et al., 2010) for the Tropical Atlantic, 
New England and the mid-Atlantic based on different satellite sensors. To aid the interpolation process, the statistical model from Filipiak et al. 
(2011) will be implemented whenever SEVIRI SSTs are not available. The model's performance highly depends on the forcing fields and as 
such the approach adopted here highlights the need for improved accuracy of the forcing fields, typically from NWP models. Thus, an 
uncertainty arises in the modelled SSTs, associated with the ability of the forcing fields to capture not only the magnitude but also the spatial 
variation of the wind fields. The Filipiak model estimates have been characterised (Karagali & Høyer, to be submitted) and as such the  
uncertainty estimate can be included in the optimal interpolation scheme. With proper and realistic uncertainties, the gap-filling will provide a  
"best" or "optimal" solution for the hourly SST fields. 
The interpolated, hourly SST fields will be introduced in the NWP model WRF and the impact of the SST perturbations will be assessed 
through i) the 10-m modelled wind fields, produced for selected test cases. These will be validated against ENVISAT ASAR 10-m wind fields 
and in situ measurements at various atmospheric levels, from offshore meteorological masts. ENVISAT ASAR wind fields are operationally 
retrieved in DTU Wind Energy since 2006 with high accuracy when compared to in situ observations (Badger et al., 2010; Hasager et al., 
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2011). They will serve as the means to assess the model's ability to better capture the spatial features of the wind fields. ii) In addition, error 
estimates of the heat fluxes associated with the SST perturbations will be assessed. The modelled fields will also be validated against the 
SEVIRI Surface Solar Irradiance (SSI) and Downwelling Longwave Irradiance (DLI) products. 

Beyond the State of Art
− The scientific findings of the project will be relevant for the description of the regional extend of diurnal warming, for atmospheric, 

oceanic and climate models and for generating composite SST fields.
− The implementation of a diurnal warming statistical model provide a novel approach for the gap-filling of the hourly, satellite SSTs 

and can aid in the selection of a candidate model, used to produce daily diurnal warming fields that can be included in operationally 
available, blended SST products. 

− Identifying areas with increased sensitivity to diurnal warming events will also improve biases in other satellite sensors, such as 
scatterometers. As such, the retrieval algorithms for wind can be improved.

− A promising application of satellite ocean surface winds is for wind resource mapping in the context of wind energy. Recent studies 
(Badger et al., 2012) attempted to lift the satellite winds from 10 m to 100 m, relevant for offshore wind turbines. They used model 
fields to evaluate the stability parameter and perform the lifting procedure. Better spatio-temporal SST resolution in models can 
possibly improve the accuracy of the lifting procedure. 

− As such, the value added in an NWP model by properly resolving the spatio-temporal variability of SST will be assessed. Thus, the 
project describes an interaction of research activities spanning over the Ocean, Atmosphere and Modelling research communities. It 
discusses key environmental parameters (ocean-surface winds and SST) and will provide the foundation for further research 
activities when satellite observations from ESA's SENTINEL-1 (wind) and SENTINEL-3 (SST) missions will be available. In addition, 
as the Atmospheric Dynamics Mission (ADM-Aeolus) will make novel advances in global wind-profiles, it will provide the necessary 
dataset for the validation of the model outputs at higher atmospheric levels. 

− The modelling attempts of the proposed project consist of using a simple parameterization to model the diurnal cycle of SST and aid 
the optimal interpolation of the hourly SST fields. In addition, the GOTM model, to be implemented in the first phase of the project 
will aid the characterization of the errors between satellite, drifter and moored buoy diurnal signals. The results from such modelling 
attempts will provide new insights on the approach to be adopted in the future, regarding modelling of the diurnal SST signals in 
order to correct climate records and create multi-sensor datasets.
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Work Plan and proposed approach:

Work plan 
Months 1-9, Task 1: Characterisation and quantification of regional diurnal warming from hourly, satellite SSTs and a turbulence ocean 
model. 
Months 10-13, Task 2: Diurnal warming parameterization modelling and optimal interpolation of hourly, satellite SST fields for selected test-
cases. 
Months 14-18, Task 3: Implementation of hourly SSTs in an NWP model.
Months 19-23, Task 4: Model evaluation and impact assessment on the modelled 10 m winds and heat fluxes. 
Month 24: Project finalization and reporting.

Proposed approach       
Months 1-9: Use 8 years of SEVIRI hourly SST fields to characterize the regional diurnal warming, extending from 60 S to 60 N. SEVIRI 
hourly SST fields will be validated against AATSR fields, when available and in situ observations from moored and drifting instruments. The 
General Ocean Turbulence Model (GOTM) will be used for selected regions. This will provide vertical temperature profiles for correlation 
between moored and drifting  buoys and SEVIRI. In addition it will provide a basis for improving understanding regarding the regional patterns 
of diurnal warming.

Months 10-13: The diurnal warming model proposed by Filipiak et al. (2011) will be implemented in order to aid the optimal interpolation of 
hourly SEVIRI SSTs only to overcome the issue of missing SEVIRI data. When SEVIRI data will be available the parameterization will not be 
used. This parameterization scheme highly depends on its forcing fields and has been found to be especially sensitive on the wind field. As 
such, this approach could be optimised by increasing the accuracy of the forcing wind field (typically the output of NWP models). To 
characterise the uncertainty related to the forcing fields, two versions of the model will be tested. Version I will use input fields from the WRF 
model (available at DTU without any diurnal perturbations) and Version II will use input fields from the High Resolution Limited Area Model 
(HIRLAM) available from the Danish Meteorological Institute (DMI). Model outputs will be validated for selected cases against the GOTM 
model and SEVIRI, when available before the OI is applied.   

Months 14-18: Focus will be drawn in the Northern European Seas where only moored buoys and platforms are available. During this period, 
setting-up of WRF and implementation of the hourly SST fields for selected cases will be performed. 

Months 19-23: Evaluation of the modelled outputs in terms of 1) comparisons with ENVISAT ASAR 10-m wind fields and in situ observations 
from offshore meteorological masts (extended databases available at DTU), 2) heat flux variation quantification. Impact assessment of the 
diurnal variability in the NWP model WRF.

Month 24: Project documentation and finalization.    


