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Abstract

When the PAPA project was started only few assimilation methods had been tested by PAPA partners and almost none were used operationally. Also the observational real-time network was inadequate for proper data assimilation or model validation. During the PAPA project the use of assimilation in ocean modelling and as part of the operational ocean forecasts has developed very rapidly. Also the real-time network for observations in the Baltic Sea that is essential for data-assimilation has been developed by the PAPA work group. There are lots of observations now available in real time or near real time and the network is developing. Tests made by PAPA partners show that assimilation of the operational ocean models leads to better results. However there is still some lack of real time observations especially in the open sea areas and in the east coast of the Baltic Sea. The assimilation methods and observational  network should be further developed  before assimilation can be used for all operational ocean model in the Baltic Sea. 

1. Introduction

To produce marine forecasts with high precision, estimation of the ocean state in real time is needed. Only recently the technology has developed so that there is real time data available from the open sea. The amount of in situ data is usually not sufficient for proper assimilation, however the availability of satellite data has made the assimilation possible in ocean modelling. Assimilation of data into ocean models differs from assimilation of atmospheric models. Weather forecasting is essentially an initial value problem and thus the data assimilation is an important part of the weather forecasting system. Ocean models, however, are dependent on the atmospheric forcing fields and data assimilation is a way to improve the quality of the ocean forecasts. 


Advanced data assimilation methods are being developed for operational ocean prediction systems. Several projects like ODON (Optimal Design of Observational Networks), ESODAE (The European Shelf Seas Ocean Data Assimilation and Forecast Experiment), GODAE (The Global Ocean Data Assimilation Experiment) have been initiated to explore the use of assimilation in modelling.


Although several different assimilation methods have been tested by the PAPA partners only few of them are in operational use. To provide sufficient amount of data for assimilation a network of observations in real time is needed. This has not been available in the BOOS community, however the system has started to build up during the PAPA project. 


In this report we introduce the current status of data assimilation in BOOS community. The observations and the observational network needed for assimilation are presented in chapter 2. In chapter 3 the different methods for assimilation are introduced as well as the assimilation methods tested by PAPA partners. 

2 Observations for assimilation 

Measurements from buoys, ships, and satellite can be used for data assimilation. Data from buoys and stations are available in real time, but they are located only at few points in the Baltic Sea. Ship measurements give a wider horizontal and vertical coverage of data, but most of the stations are visited only few times a year and the data are seldom available in real time or near real time. Satellite observations provide a unique opportunity to monitor the ocean evolution in real time at a global scale. However only the properties of sea surface can be observed from space.  A problem with satellite data is also a lack of coverage and repetition rate especially on local and regional scales.


To provide information for developing a network for observations in the Baltic Sea a detailed inventory of observation available was made. The distribution of stations, ship of opportunity (SOOP) and expedition based measurements is presented in PAPA-NOW report  (Gorringe and Håkansson 2003).  The inventory shows that open sea stations are few and data are lacking especially in the open sea areas in the Baltic Proper. 


For data assimilation a stable system for real time distribution of measurement data is essential. The distribution of the data in the BOOS community has been discussed in WP3 (PAPA-OBS) and WP7 (PAPA-INFO).  Every PAPA partner has established an ftp-box for the distribution of data and the use of the ftp-box has been successfully tested. Lots of observations are already transferred through ftp-boxes including water level, sea state and SST from satellite. The need for data and the data available at the moment is presented in Table 1.

Table 1. Data available for assimilation in the Baltic Sea 

	Data needed for assimilation
	Time resolution
	Data source
	Data coverage

	water level
	hourly 
	Automatic water level stations in  the Baltic Sea, hourly values available in ftp-boxes
	west coast of the Baltic Sea is well covered, more data needed from the east coast

	sea  state
	hourly


	from wave buoys, hourly values available in ftp-boxes
	data available only from few points, more data needed from open sea areas. 

	SST
	daily
	Satellite, available in ftp-boxes by BSH and SYKE
	SST for the whole the Baltic Sea, cloud coverage may hinder the data availability

	ocean color
	daily
	Satellite
	

	ice extent
	daily (during ice season)
	Local ice services, available for national use in real time or near real time
	local ice services provide data with good quality, data not necessarily freely available for other institutes

	SOOP surface sampling across basin
	weekly
	SOOP
	not available for assimilation in real time or near-real time

	2D and 3D basin wide temperature, salinity, oxygen and nutrients
	every 2-3 months
	Ship measurements
	real time or near real time data seldom available, data not necessary freely available for other institutes


3 Assimilation methods

Assimilation methods are needed to interpolate and extrapolate observations scattered in space and time. Data assimilation methods are generally divided into two classes: sequential and variational methods. More simple assimilation methods are also used.

3.1 Assimilation methods available

Eclectic methods

Absolute minimum and maximum bounds for variables are set as inequality equations (Wunsch, 1996). They represent partially subjective views of extreme acceptable values as based upon experience. These kind of constraints are very easy to impose, but also very rigid. As a result the solutions may be unesthetic.  Eclectic methods can be useful for problems for which determining the "true" values of quantities is less important than determining their possible range.

Nudging

Nudging is a method of dynamical relaxation. The model is pushed gently toward observed values or a gridded analysis in such a way that gravity wave noise is minimized. The gentle pushing is achieved by controlling the strength of the nudging: it should be large enough to be noticed by the model, but not so large that it dominates over other terms in the equation. The nudging is typically time dependent. 

Optimal interpolation techniques

Optimal interpolation is a statistical method, which determines the minimum error variance solution for the model state by combining a model first-guess field and observations.

Sequential data assimilation techniques

Kalman filters: EnKF (Ensemble Kalman Filter), SEEK (Singular Evolutive Extended Kalman) filter. 

The EnKF is essentially a Monte Carlo method where an ensemble of the ocean state is integrated forward in time to evaluate the forecasts error covariance.  The method provides statistical error estimates for the analysis without additional computations.

The SEEK filter is a sequential data assimilation method recently introduced  (Evensen, 2003). It is essentially based on the ordinary extended Kalman filter except for the error covariance evolution equation, which is realized in a reduced state space. A relevant statistical space is built for this equation and this equation only, as all the other components of the filter are strictly those of the ordinary Kalman filter. 

Variational data assimilation 

In variational data assimilation optimization is performed on unknown parameters by minimizing a given cost function that measures the model to data misfit. An important advantage of the variational data assimilation is that any observations that can be expressed as a function of model variables can be assimilated. A three dimensional variational assimilation method (3DVAR) has been applied to a pre-operational Regional Ocean Modelling System (ROMS) by Li et al. (2004) to assimilate temperature, salinity, sea level and surface currents. Four-dimensional variational methods have been applied to the ocean by e.g. Marotzke et al (1998), utilizing a novel tangent adjoint model compiler applied to the MIT GCM.

3.2 Assimilation methods used or tested by PAPA partners.

PAPA partners have taken part into projects developing assimilation methods or observation networks for ocean modelling. In Table 2 assimilation methods tested or used by PAPA partners are introduced. 

Table 2. Assimilation methods tested and planned

	Institute
	Assimilation tested or used
	Assimilation planned
	Data needed
	Data available

	BSH
	tested for water level models
	water level models
	water levels around the Baltic and North Sea coast
	data from several water gauges around the Baltic and North Sea coast available

	DMI
	tested for 3D ocean model 
	3D ocean model
	SST
	SST available

	FIMR
	tested and used for operational wave model

assimilation of 3D fields for ecosystem models
	
	significant wave height 

Ice extent, 2D and 3D basin wide T, S, O2, nutrients, ocean color, SST
	data from wave buoys available, more open sea data needed

SST and ice extent available, inadequate horizontal resolution for profiles of salinity and temperature

	SMHI
	assimilation of ice 

into HIROMB model
	assimilation of 3D ocean fields for HIROMB
	SST, ice extent, profiles of salinity and temperature
	SST and ice extent available, inadequate horizontal resolution for profiles of salinity and temperature 

	SYKE
	assimilation of water level for circulation model, assimilation of 3D ocean fields for ecosystem model
	
	water levels, S, T, O2, nutrients
	


Assimilation in the ODON project

The EU project ODON aims to develop optimal observing system design methods and demonstrate the methods of temperature/salinity (T/S) observing systems for nowcasting and forecasting in the Baltic and North Sea. Observing System Experiments (OSEs) and Observing System Simulation Experiments (OSSEs) via data assimilation are major tools for the optimal design. DMI and SMHI are ODON partners responsible for the Baltic Sea OSEs and OSSEs while Proudman Oceanographic Laboratoty (POL), UK is responsible for developing data assimilation methods. Up to now, a simplified Kalman Filter method (Annan and Hargreaves, 1999) for SST assimilation and an EnKF for assimilating all kinds of T/S observations have been implemented and tested in POLCOMS (Andreu-Burillo, 2003). 


For the Baltic Sea, a simplified Kalman Filter data assimilation scheme has been implemented in DMI's operational 3D ocean model (BSHcmod). One-year assimilation study (in 2001) has been carried out by assimilating satellite SST products from BSH and EUMETSAT OI&SAF. Results have been compared to over 200,000 in-situ SST observations in the Baltic Sea – North Sea region. Since the simplified KF assumes negligible spatial correlation of SST, an alternative method is also tested by assimilating spatially optimally interpolated satellite SST rather than raw data. This gives better results. Following figures show the validation results: the left panel gives the rms error between control run and in-situ measurements while the right panel is the rms error between the assimilation run and the in-situ measurements. In average, the one-year SST rms error is reduced from 1.2C to 0.64C (Larsen  et al. 2004). A number of OSEs have been performed for satellite-in-situ SST observing networks to test the importance of these observing networks (e.g., in-situ network, satellite network, networks with different number satellites etc) (She et al. 2004)

Currently, an EnKF and a 3DVAR method are being implemented in the DMI's BSHcmod. These data assimilation methods are expected to be in a pre-operational phase within the ODON time frame (2003-2005).
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Figure 1. SST RMS error (in C) in 2001 from DMI's 3D ocean model BSHcmod. Left: without SST assimilation; right: with SST assimilation

A sequential correction method and an OI method (SOFA) have been applied to HIROMB and in the testing phase. The OI scheme will be used for T/S OSEs and OSSEs in the Baltic Sea (L. Funkquist, SMHI). 

DAS

DAS (Data Assimilation System) (Sokolov et al. 1997) is a computer software that has been developed as a tool to query and analyze hydrographic and chemical data from the Baltic Sea. Hydrographic data are collected by a several institutes around the Baltic Sea and stored in database called BED (Baltic Environmental Database). The database is maintained at the Department of Systems Ecology at Stockholm University and accessible both locally and via the Internet. DAS is frequently employed for the generation of optimally interpolated stationary fields.  SYKE uses DAS for assimaltion of starting fields for 3D Baltic Sea ecosystem model. DAS is used for assimilation also by NWAHEM.

Experience with wave assimilation in FIMR

For wave models two approaches of assimilation methods are generally used. One approach is to assimilate integral wave parameters like significant wave height. For example the sequential, time-independent method is designed to assimilate integral wave parameters especially significant wave height (Janssen et al. 1989, Lionello et al. 1995). The other approach is to assimilate observations of the full spectrum. These methods have been developed since significant wave heights alone do not contains sufficient information for a proper update of the wave spectrum. These methods are capable of assimilation observations of the full spectrum (Voorrips et al., 1996). 


Using assimilation in operational wave models is differs from other models, since wave forecasting is a boundary value problem and not an initial value problem. Wave field tends to loose the memory of the initial state. Data assimilation in the wave models is used to correct the model. Experiments show that wave models benefit more from assimilation that has been performed in the atmospheric model producing the forcing fields, than from wave observations assimilated into the wave model itself.


FIMR has tested assimilation of significant wave height by method of Janssen et al. 1989.  Figure 1 shows the difference between the operational (no assimilation used) and assimilated wave model run. From the left is shown the results from 3 hours, 6hours and 9hours after the beginning of the forecast run. Assimilating significant wave height from the Northern Baltic Proper wave buoy improves the forecast results in the beginning of the run but the effect of the assimilation disappears quickly.
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Figure 1. Difference between operational (not-assimilated) and test run with wave assimilation using data from the Northern Baltic Proper wave buoy. From the left is shown the results from the run 18.5.2004 18 + 3, 6, 9 UTC, respectively. 

Experience with 3D model assimilation in FIMR

A prototype 3D scientific forecasting system of the Baltic Sea has been developed (Stipa et al, 2004). The model is (re)initialized with optimally interpolated 3D fields. The fields of temperature, salinity and nutrients are derived from monitoring observations and assimilated into the DAS system. An operational trial was performed in the summer 2003 for the EU MERSEA project.


The model was operationalized for 72 hour predictions for the summer 2004, serving the EU HABILE project. The summer was exceptionally cold, and towards the end of July it became apparent that the model ecosystem did not take up phosphate from the water fast enough. An eclectic assimilation was manually performed to the phosphate field by reducing the phosphate concentration in the thermally active layer. Later the field was further adjusted by nudging it towards observations on two different occasions.

Experience with assimilation of ice into HIROMB in SMHI

Test version of HIROMB with assimilation of ice data is run operationally parallel to the official operational HIROMB. Initiated by the IRIS project which aims at incorporating ice ridging information in forecast of sea ice in the Baltic Sea. 2-D input data, SST, ice concentration, level ice thickness and ice classes (level ice, rafted ice, few ridges, many ridges, rotten ice), are supplied by the Swedish Ice Service. 3-D assimilation of near-real time salinity and temperature profiles provided by SMHI has been tested as well with very good results. The assimilation method used is the “Method of Successive Corrections” (SCM). For more details about the SCM method, see e.g. Daley (1991). 

4. Summary

Assimilation of observations into ocean models leads to better results. All assimilation tests made by PAPA partners show that forecasts are improved, when assimilation is used. Although in wave models the assimilation is useful only for nowcasting, since the effect of assimilation seems to disappear after 6 to 12 hours from the beginning of forecast. Assimilation in operational forecasting can be used efficiently only if there is enough real time data for assimilation. Data must be available in real time in sensible format through ftp connection or some similar network. PAPA-OBS and PAPA-INFO have succesfully established a ftp-box system that has been tested in spring 2004 and is already used by several institutes for real time data exchange.


Methods for assimilation as well as observational network should be developed so that assimilation could be part of all operational ocean forecasts in the Baltic Sea. This requires a data network with enough good quality data from both open sea and coastal areas.  Also more resources are needed to develop and test the best possible assimilation methods for the Baltic Sea oceanographic models.
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