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AbstractThis working document describes activities related to the New Data Types Group ofthe Goddard Data Assimilation O�ce (DAO) and how these activities are prioritized.Included in this document are science drivers for new data types, brief descriptionsof assimilation methodologies including advanced methodologies being explored at theDAO, a list of new data types being considered for assimilation and validation at theDAO, and how these data types are roughly prioritized. This document will be updatedperiodically.On-line versions of this document are available fromftp://dao.gsfc.nasa.gov/pub/office_notes/on9613.ps.Z (postscript)
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1 IntroductionThe mandate of the Data Assimilation O�ce (DAO) at NASA/Goddard is to providehigh-quality data sets to be used by the Earth science community to study a number ofEarth Systems problems. As part of the DAO mandate, a major e�ort is being undertakento assimilate new data types from current and future instruments. Emphasis is given toinstruments that will y as part of NASA's Mission to Planet Earth (MTPE) program,particularly those on board the Advanced Earth Observing System (ADEOS), the TropicalRainfall Measuring Mission (TRMM), and the Earth Observing System AM-1 (EOS-AM1)scheduled for launches in 1996, 1997, and 1998, respectively (currently, this document onlyaddresses satellites through EOS-AM1). The instruments aboard these satellites are de-signed to measure quantities related to atmospheric and surface parameters of particularrelevance to Earth Systems study. More detailed information about components of theDAO's GEOS-1 system can be found in Takacs et al. (1994), Pfaendtner et al. (1995),and Schubert and Rood (1995). Documentation on the DAO's Physical-Space StatisticalAnalysis System (PSAS) can be found in da Silva and Guo (1996).The e�ort required to assimilate new data types is non-trivial. For example, at otherNWP centers, the e�ort to incorporate new data types has required approximately 5-10person-years per new data type (and is an ongoing e�ort). New data types currently beingconsidered for assimilation at the DAO may be classi�ed into two categories: (1) Datatypes from instruments with an assimilation heritage at the DAO and other centers (e.g.,TOVS radiances, Scatterometer measurements, etc.) (2) Data types that do not have along-term operational heritage (e.g., precipitation, surface wetness, etc.). Data types in (2)are considered to be a higher risk than those in (1). The DAO e�ort to assimilate newdata types includes developing advanced assimilation methodologies that will be requiredin order to handle the large volume of data from future instruments. Monitoring new datatypes before, during, and after assimilation will be an important component of the newdata types e�ort. The e�ort will also involve interacting with instrument teams as well asinterfacing with other DAO groups, such as the those concerned with covariance tuning,quality control, operations, and development.This document attempts to de�ne and prioritize the activities of the DAO's New DataTypes group. This is a working document, meaning that it will evolve as experience isgained with new data types. Parts of the document are incomplete at this time and willbe revised in the future. This document will be used by DAO sta� to guide decisionsin how resources related to New Data Types will be allocated in the present and future.It will also provide instrument teams with information about what will be required fromthem in order to e�ectively utilize observations in the Goddard Earth Observing System-Data Assimilation System (GEOS-DAS). Details on related topics such as the Kalman�ltering e�ort, Observation System Simulation Experiments (OSSE), Observation SystemExperiments (OSE), and bias correction will appear elsewhere or will be incorporated intothe document at a later time. Documentation on related topics can be found elsewhere;monitoring can be found in da Silva et al. (1996b), quality control in Dee and Trenholme(1996), quality assurance in Schubert (1996), and operations in Stobie (1996).The outline of the document is as follows: Section 2 describes the scienti�c goals thatdrive the e�ort to incorporate new data types in the DAO's Data Assimilation System. Thissection begins with an overview and follows with subsections devoted the hydrological cy-cle, land-surface/atmosphere interaction, ocean-surface/atmosphere interaction, radiation(clouds, aerosols, greenhouse gases), atmospheric circulation, and constituents. For eachscienti�c driver, examples of relevant data types are given. Section 3 discusses traditionaland advanced methodologies for assimilating data and provides examples of relevant datatypes for each method. Section 4 describes several topics related to implementation: com-putational issues, data ow, and instrument team interaction. Finally, new and existingdata types are prioritized in section 5. Cross-references of instrument to data type, scienti�cdriver, use in GEOS, etc. are provided. 5



2 Scienti�c drivers2.1 OverviewThe NASA Mission to Planet Earth (MTPE) is a program designed to make use of ground,aircraft, and satellite-based measurements in order to better understand the systems thatgovern the Earth's climate, their interactions, and their variations. NASA's Earth Observ-ing System (EOS) and several other satellite systems are key components of this program.Driving the selection of new data types in the GEOS-DAS is a subset of scienti�c objec-tives outlined by the MTPE program, the United States Global Change Research Program(USGCRP), and the Intergovernmental Panel on Climate Change (IPCC). These objectivesinclude improving our understanding of (1) the hydrological cycle (interaction between theland and ocean surfaces with the atmosphere and transport of heat, moisture, and momen-tum) (2) the interaction of clouds and aerosols with radiation and its impact on climate (3)chemistry and transport of atmospheric constituents, such as ozone, in both the troposphereand stratosphere. These and other Earth systems topics are briey discussed below in thecontext of data assimilation. Examples of relevant data types are provided.2.2 Hydrological CycleWater substance plays an integral role in many of the processes operating within the EarthSystem. In the atmosphere, latent heat release through condensation of water vapor, pro-ducing clouds, is a major source of energy that regulates atmospheric circulation. A largefraction of the energy transferred from the surface to the atmosphere is in the form of latentheat due to evaporation which itself depends on the moisture gradient between the surfaceand atmosphere. In addition, the presence of clouds and precipitation determines the avail-ability of solar radiation and water at the surface. Water vapor is also the predominantgreenhouse gas and plays a crucial radiative role in the global climate system.Clearly, an accurate depiction of the global atmospheric moisture �eld, its vertical andhorizontal transport, and the transfer of water across its boundaries, is critical to under-standing the hydrologic cycle and its impact on climate. In the past, moisture informationused in the GEOS-DAS has come primarily from rawinsonde ascents. Satellite moistureestimates o�er a signi�cant improvement over the spatial and temporal sampling prob-lems of the existing rawinsonde network, but they also have limitations. Polar orbitingsatellites such as those in the Defense Meteorological Satellite Program (DMSP) carrymicrowave instruments which are sensitive to atmospheric moisture. The Special SensorMicrowave/Imager (SSM/I) for instance, gives an accurate estimate of the integrated wa-ter vapor in an atmospheric column (referred to as Total Precipitable Water, TPW) butcontains little information about the vertical distribution of moisture which is critical to un-derstanding many of the physical processes mentioned above. The SSM/I observations arealso limited by the fact that they are only available over the oceans in precipitation/sea icefree regions. SSMT/2 provides similar coverage, but contains additional channels that pro-vide information about the vertical structure of moisture. Other satellites, such as TIROSOperational Vertical Sounder (TOVS) which carries the High-resolution Infrared Sounder(HIRS) and the Microwave Sounding Unit (MSU), have better geographical coverage (overland as well as ocean) and can resolve the integrated water in approximately two thickslabs. Future microwave and IR instruments, such as MHS (AMSU-B), AIRS, and IASI,will have improved vertical resolution for moisture sounding. Although still fairly crude,the moisture estimates that are/will be available from these satellites are valuable both forassimilation, validation, and bias estimation. For example, information about global mois-ture derived from SSM/I and TOVS has been assimilated at DAO and other centers (e.g.,Ledvina and Pfaendtner, 1995; Derber private communication; Andersson et al., 1994) andhas signi�cantly impacted global analyses.Signi�cant discrepancies have been found between precipitation estimates from analysis6



systems and those derived from satellite measurements. Systematic di�erences in boththe intensity and spatial distribution of monthly mean precipitation are especially large inthe tropics. Current research at the DAO is directed towards assimilating precipitationdata. Improving the hydrological cycle in analyses in both the tropics and extra-tropicswill ultimately aid in the understanding of climate sensitivity, climate variability, the roleof dynamical feedback, and other physical processes. Improving the hydrological cycle indata assimilation systems will also bene�t studies in which precipitation estimates from aDAS are used to drive surface hydrological models.2.3 Land-Surface/Atmosphere InteractionThe land-surface is an important component in the Earth System a�ecting energy balance,the hydrological cycle, and chemical cycles. Latent heat, sensible heat, and momentumuxes at the land-surface modulate near-surface turbulence and boundary layer convectionon diurnal and longer time-scales. The land-surface plays an important role in the hydro-logical cycle receiving water from the atmosphere in the form of rain or snow with the soiland vegetation acting as reservoirs. Precipitation that does not in�ltrate the soil formssurface runo�. The biosphere over the land surface also a�ects the carbon cycle throughphotosynthesis to produce the greenhouse gas CO2.Although still in its infancy, land surface data assimilation has generated interest inboth environmental and meteorological communities. Over the past decade, state-of-artland surface models (LSM) have been coupled with general circulation models. Remotesounding instruments that infer land surface quantities will play an integral role in land-surface modeling and data assimilation in the future. Many new data types can be inferredremotely from satellite instruments that provide superior geographic coverage of the land-surface as compared with conventional surface station observations. These satellite-deriveddata types include surface (skin) temperature from infrared instruments such as TOVS,AVHRR (MODIS predecessor), and MODIS, as well as snow water equivalent content andsoil moisture information from passive microwave instruments such as SSM/I and in the fu-ture TMI. In addition to measurements that can be assimilated, satellite-derived quantitiessuch as vegetation indices from AVHRR and MODIS can also be used to specify or esti-mate model parameters in some LSMs. Use of these data should improve both short-termforecasts and analyses of climate events such as El Nino.2.4 Ocean-Surface/Atmosphere InteractionThe ocean surface (including regions immediately above and below) is an interface betweentwo of the great subsystems involved in the Earth System: the ocean and the atmosphere.Considerable Earth Systems Science research will be devoted to the interplay of dynamicsand features between these two subsystems. There is a considerable disparity in the natureof our understanding of these subsystems and their interaction. A better understandingof the workings of the Earth System, especially for long time scales, will entail a detailedknowledge of the behavior of the coupled atmosphere-ocean system. El Nino and its globale�ects is certainly an example of this. Thus it is important to have improved ocean surfacedata to better delineate the mechanisms that govern the atmosphere-ocean interaction.Past observations of ocean surface variables have largely been obtained from in situplatforms: ships, buoys and island data. These observing systems provide information onsea level pressure, winds, humidity and sea surface temperature. Such observations havesu�ered from a variety of problems, ranging from unrepresentative sampling to inherentlypoor quality. The most serious problem with these historical data sources lies in their poorsampling of the Tropics and the southern oceans.There are currently in place satellite-based sensing systems which provide informationrelated to sea surface temperature and sea level winds. For example, one source of infor-mation concerning winds in the lower atmosphere, cloud-tracked winds (CTW), has been7



available for a number of years. Research using data from the current space-based oceansurface wind sensors, SSM/I and Scatterometer, has found potential bene�ts and di�cul-ties in using these data. The bene�ts are clear; the satellite sensors provide a tremendouslyimproved sampling, in both space and time, of the ocean surface wind. The di�culties withusing data from these sensors lie in drawing the proper inferences from the informationprovided by the sensors. For example, the SSM/I provides information related to the windspeed near the ocean surface - provided a number of assumptions pertaining to the wind-seastate relation and the nature of the boundary layer near the sea surface are valid. Similarproblems arise in the consideration of Scatterometer data.Improvements in the sensing of winds near the ocean surface will bene�t a number ofEarth Science research enterprises. More accurate surface winds will lead to improved esti-mates of momentum uxes, and have a potentially positive impact on the uxes of sensibleheat and moisture for use in atmospheric modeling. Similarly improved estimates of momen-tum, heat and fresh water uxes will be used for ocean models. Such wind data will provideimportant forcing, or boundary conditions, for research in coupled atmosphere-ocean mod-eling. Ultimately, the assimilation of surface wind data into a coupled atmosphere-oceansystem will be used to correct the state of such a system. Another area of interest forthese wind data is in ocean wave modeling; accurate high-resolution winds will improve theprocess of data assimilation of surface winds into ocean wave models. Finally, improvedsurface wind datasets, obtained from the global assimilation of these new surface wind data,will provide more useful forcing for o�ine model studies, such as sea-ice transport studies.2.5 Radiation (Clouds, Aerosols, and Greenhouse Gases)The transfer of electromagnetic radiation in the atmosphere, i.e., absorption, emission,scattering, and refraction of energy by particles (clouds and aerosols) and molecules, is themost important process a�ecting energy transfer. Radiative transfer in the atmosphereis generally separated into two regions: (1) Solar or shortwave radiation that peaks near0.5 �m in the visible part of the electromagnetic spectrum (2) Terrestrial or longwaveradiation that peaks in the infrared part of the spectrum near 10�m. One consequence ofmolecular absorption is the so-called greenhouse e�ect in which a gas is virtually transparentto incoming shortwave radiation while absorbing and re-emitting longwave radiation. Themajor greenhouse gases are CO2, H2O, and O3 with CO, CH4, N2O and others playinga smaller roll. The CO2 concentration remains relatively homogeneous in both space andtime, although observations show a seasonal variation and long-term increase. In contrast,concentrations of H2O, O3, and some of the minor greenhouse gases exhibit relatively largespatial and temporal variations. Climate changes resulting from variations in greenhousegas abundances are di�cult to predict because of complex radiative-convective feedbacksand remain a controversial issue.Cloud properties have a large impact on energy balance at the top of the atmosphere andthe surface. In the shortwave, suspended liquid water in clouds reects incoming solar radia-tion back to space. In the longwave, liquid water drops absorb and re-emit radiation. Molodet al. (1995) have shown that systematic errors in the GEOS-1 general circulation model(GEOS1-GCM) linked to physical parameterizations of clouds, convection, and rainfall re-sult in latitudinally-dependent systematic di�erences between observed and GEOS1-derivedlong and shortwave ux at both the upper and lower boundaries of the atmosphere. Cur-rently, satellite observations (e.g., from the Earth Radiation Budget Experiment or ERBE)are used to diagnose problems with model parameterizations.Aerosols, like cloud particles, can signi�cantly a�ect the heat balance of the Earth-atmosphere system by scattering and absorbing incoming solar radiation. Aerosols, orsuspended particles in the atmosphere, include volcanic dust, sea spray, dust generated fromwind, smoke from forest �res and biomass burning, particles produced during combustion,chemical reactions involving naturally occurring gases or gases formed during combustion,and cataclysmic impacts between the Earth and other solar system bodies. Temporal and8



spatial variations in aerosol distributions have not been given much attention in currentdata assimilation systems.There currently exists an abundance of radiation-related data inferred from satelliteand ground-based instruments, such as cloud-top temperature and cloud fraction in theISCCP data base (derived from combined infrared and visible observations) and cloud-liquidwater derived from passive microwave instruments such as SSM/I. Future instruments suchas MODIS and the TRMM microwave imager (TMI) will provide additional estimates ofthese quantities. Ground-based aerosol observations date back to the early 1900's. Aerosolparameters have also been measured with satellite instruments such as SAGE, HALOE,and CLAES, primarily in the stratosphere. Advanced instruments such as MISR havebeen designed for improved observations of aerosol properties. Ground-based monitoringof greenhouse gas concentration has been taking place over the last several decades. Inthe future, more complete global monitoring of greenhouse gases will be accomplished withinstruments such as MOPITT. These data types related to radiation have not yet been usedin operational data assimilation systems. Research at the DAO is currently ongoing to morefully exploit these new data types in a DAS. This should lead to a better understanding ofthe role of radiation and dynamical feedback processes in regulating the climate system.2.6 Atmospheric CirculationAccurate, consistent, long-period measurements of global mass (height and temperature)and momentum (wind) �elds are important for Earth System studies. Atmospheric circu-lations are the method by which sensible and latent heat, mass, and momentum uxes aretransported. The study of climate variability focuses in part on inter-annual di�erences andon anomaly �elds (di�erences from climatological means), including changes in large-scaleows such as the Hadley circulation, which transports mass, energy and moisture fromthe tropics to the mid-latitudes. Another important long time-scale circulation is the ElNino-Southern Oscillation (ENSO), which has been linked to changes in the extra-tropicalcirculation resulting in oods and droughts. The stratospheric quasi-biennial oscillation(QBO) is a major component of the inter-annual variability in the stratosphere. Severaldocumented de�ciencies in GEOS-1, such as a weak Hadley cell and warm-biased tropopausetemperatures in the tropics (see references in Schubert and Rood, 1995), can potentially beaddressed with new data types (including improved use of current observations).2.6.1 Tropospheric circulation and temperatureIn the troposphere (and lower stratosphere), both winds and temperatures are observed witha network of conventional rawinsondes. This network is dense in the Northern Hemisphereover land. However, observation density and quality in the tropics, Southern Hemisphere,and over oceans, is much poorer. In these areas satellite observations provide excellentgeographic coverage. Advances in global weather models and data assimilation have led tobetter global analyses and forecasts of these �elds, but there is room for improvement, bothin the observations themselves as well as the way in which they are used in assimilationsystems. Advanced instruments for temperature sounding, such as AIRS and IASI, willprovide measurements with higher information content about the mass �eld than the currentNOAA polar-orbiting satellites. Yet, even with improved sounding capabilities, there arestill both technical and scienti�c issues to be addressed when considering how best toassimilate remote satellite observations. These issues will be addressed in more detail insection 3.2.6.2 Stratospheric circulation and temperatureThe need for improved knowledge of stratospheric winds and temperatures is most stronglydriven by e�orts to understand stratospheric ozone variability and predict anthropogenic9



changes in the ozone distribution. Recently, there has been increased interest in role ofthe stratosphere in climate change, especially changes associated with upper troposphericand lower stratospheric water vapor and ozone. In addition, new initiatives in troposphericchemistry require better quanti�cation of stratosphere-troposphere exchange.Winds and temperature from data assimilation systems have been central in increasingthe quanititive level of stratospheric chemistry. In the lower stratosphere, middle latitudesthe winds are already of su�cient quality that transport calculations can be used to unifyconstituent measurements from di�erent observing platforms. The chemical studies havealso revealed places where the winds and temperatures remain of low enough quality thatuncertainties in chemical assessments are still strongly tied to meteorological conditions.Within the current GEOS system the most notable problems with the winds lie in thetropics and the subtropical middle latitude boundary. The transport between the subtrop-ics and middle latitudes is an especially important topic because mixing of middle latitudepollutants into the tropics can strongly perturb the ozone sources. With regard to tempera-ture, �eld scientists in the aircraft missions have noted a warm bias of GEOS temperaturesin the lower stratosphere when the extreme cold events occur. Improvements in the tem-perature representation are needed because heterogeneous chemical processes become moreimportant at extremely low tempertures. Long-term transport experiments show that re-cent versions of GEOS have extensive improvements in the representation of the seasonal,zonal-mean meridional circulation. However, misrepresentations of the equatorial upwellingand polar downwelling remain large enough that it is di�cult to represent interannual vari-ability in long-lived tracers.Much of the projected improvement in stratospheric meteorological �elds is expectedto come from advances in modeling, analysis, and speci�cation of improved error statistics.New data sources are limited primarily to improved temperature sounders, such as MLSand GPS, that have increased vertical resolution and accuracy. Indirect improvementsto meteorological �elds may also be derived from the assimilation of long-lived tracers.Stratospheric wind measurements from the Upper Atmosphere Research Satellite (UARS)have proven di�cult to utilize and the DAO will follow the progress on impact studies beingcarried at at the UKMO.2.7 ConstituentsBuilding the capability of assimilating constituent observations is one of the long-term goalsof the DAO. In such an assimilation scheme the constituent data are allowed to inuenceboth the estimate of the tracer itself and - by the coupling of the �elds through the lineartransport equation - the estimate of the ow �eld (Daley, 1995; Riish�jgaard, 1996). Con-stituent assimilation in the present context means assimilation of observations of the minorconstituents of the atmosphere, such as water vapor, N2O, CO, CH4, etc. However, one ofthe main motivations for recent development in methodologies for constituent assimilationis the availability of ozone derived from satellite-based instruments. Assimilation of thesedata would be useful for the atmospheric chemistry community since it would allow us tobuild a multi-year sequence of three-dimensional ozone �elds consistent with atmosphericdynamics, available for each analysis time.From a meteorological point of view the ozone data is of interest because the ow pat-terns around the tropopause level generates a very strong signal in total ozone observations.Conversely, this implies that the total ozone measurements carry information about thewinds at these level, information that over large parts of the globe is not readily availablefrom alternative sources. There are a number of di�erent strategies that one can follow inorder to retrieve this information, depending on the model underlying the data assimilationprocedure. The basic ideas involved in constituent assimilation are intuitively appealingand conceptually simple. However, the actual design and implementation of a multivari-ate scheme in a general circulation model is technically a major e�ort, and there remaina number of scienti�c issues to be resolved. Thus it is far from clear at the present time10



which assimilation method (EKF, 4D-VAR, Fixed-interval smoothing, assimilation througha transport model or through a PV model, etc.) will be best suited for the purpose. Also,even though some of these methods theoretically should be insensitive to the initial spec-i�cation of the forecast error covariances, this may not be true for a particular numericalimplementation. Since the partitioning of the information present in the data will be deter-mined by the error speci�ed, work towards improving our understanding of the errors bothof the observations and of the background model estimate is clearly needed and will be anintegral part of constituent assimilation at the DAO.3 Assimilation MethodologySeveral approaches have been proposed and used to incorporate both conventional andsatellite observations in data assimilation systems. These methods will be reviewed in sub-sequent sections following a brief review of statistical analysis and description of the DAO'sPhysical-space Statistical Analysis System (PSAS). We will focus here on assimilation ofremotely sensed data from satellites in PSAS, although the concepts also apply to conven-tional data as well as other assimilation methods such as the Kalman �lter.3.1 Statistical AnalysisThe objective of statistical interpolation is to produce an optimal estimate of the atmo-spheric state, given a set of observations and a �rst guess usually in the form of a short-term forecast. In the variational framework (i.e., 3D-VAR), this can be accomplished byminimizing the likelihood functionalJ(w) = (w � wf )T (P f )�1(w � wf) + (wo � h(w))T (Ro)�1(wo � h(w)); (1)where w 2 IRn is a vector representing the 3D state of the atmosphere, wf 2 IRn is theforecast, wo 2 IRp is the observation vector, and h(w) is an observation operator that mapsthe 3D atmospheric state into observables. The �rst term on the RHS of (1) is weighted bythe inverse of the forecast error covariance matrix P f 2 IRn� IRn, while the second term isweighted by the inverse of the observation error covariance matrix Ro 2 IRp�IRp. Providedthese covariances are speci�ed correctly, the analysis state obtained by minimizing J(w) isthe mode of the conditional probability density function p(wjwf Swo) and is derived from amaximum-likelihood principle assuming that forecast and observation errors are unbiased,normally distributed, and uncorrelated with each other.Because the observation operator h(w) is in general nonlinear, the minimum of J(w)can be obtained by a quasi-Newton iteration of the formwi+1 = wf + P fHTi �HiP fHTi + Ro��1 hwo � h(wi) +Hi(wi � wf)i ; (2)where Hi = @h(w)@w ����w=wi : (3)The analysis vector, wa, that minimizes J(w) is given bywa = limi!1wi: (4)In PSAS, a p� p system of equations is �rst solved at observation locations�HiP fHTi +Ro� xi = wo � h(wi) +Hi �wi � wf� (5)11



for the vector xi 2 IRp using a conjugate gradient algorithm (da Silva et al., 1995; Guo andda Silva, 1995). The �rst term on the LHS of (5) is called the innovation covariance. Thestate at iteration (i+ 1) is updated by an additional matrix-vector multiply, viz.wi+1 = wf + P fHTi xi: (6)The computation required for the solution of the linear system (5) is approximately O(Ncgp2),where Ncg is the number of iterations of the conjugate gradient algorithm. Ncg dependson the conditioning of the innovation covariance matrix. The matrix-vector multiply in (6)requires O(np) oating point operations. The total operation count to solve (5)-(6) is ap-proximately O[No(Ncgp2+np)], where No is the number of outer (quasi-Newton) iterationsperformed. It is evident any type of data compression that reduces the number of observ-ables will signi�cantly reduce computation in PSAS. At the DAO, development of improvedmethodology to assimilate new data types with very high spatial- or spectral-resolution hasbeen driven largely by consideration of computational costs.3.2 Direct radiance assimilationIn this document, radiance is a general term meaning a directly measured quantity (asopposed to a retrieved quantity). For example, radiance could refer to refractivity mea-sured by Global Positioning System (GPS) receivers, backscatter from a scatterometer, orthermal/reected radiation measured by a passive infrared or microwave sounder. Theterm radiance also applies to pre-processed raw radiance (e.g., cloud-cleared radiance). As-similation of radiances involves utilizing radiance measurements from a remote soundinginstrument as the observable and specifying the radiance error covariance as the observa-tion error covariance in (1). In addition the observation operator h in (1) that maps thestate variables to the radiances must be speci�ed.For remote measurements, h is an approximate radiative transfer or empirical model re-lating the atmospheric state in grid space to the radiance at the observation location usinga set of parameters such as spectral line data and/or calibration parameters. To assimilateradiances correctly, an appropriate radiance error covariance must be speci�ed that incor-porates both detector noise and observation operator error. Practical implementation atthe DAO will use statistical modeling from innovation sequences or some form of online pa-rameter estimation such as discussed in Dee (1995) to estimate radiance errors. Observationoperator parameter errors are usually systematic and may be estimated and corrected forin part by utilizing independent observations and/or forecasts (e.g., Eyre, 1992; Susskindand Pfaendtner, 1989).Radiance assimilation is computationally feasible with current instruments and analysisschemes. However the cost of this approach may be prohibitive for future high-spectral reso-lution sounding instruments, such as AIRS and IASI, with large numbers of channels. Moree�cient approaches are currently being examined as an alternative to radiance assimilationfor such instruments.3.3 Traditional retrieval assimilationRemotely sensed data have been traditionally assimilated in the form of physical-spaceretrievals. In this approach, radiances are processed o�-line by data producers, and familiardata types such as temperature/moisture pro�les or wind vectors are used in the assimilationsystem. Specifying the retrieval z as the observable wo in (1), the observation operator his a linear interpolation operator so that the iterated form of (2) can be reduced towa = wf + �P fIT� �IP fIT + Rz��1 (z � Iwf); (7)12



where z 2 IRp denotes the retrieved data, Rz = D�z(�z)TE is the retrieval error covariance,and I 2 IRn�IRp is the interpolation operator used above. A more general form of (7) thatincludes the retrieval-forecast error cross-covariance, denoted X = D�z(�f )TE, is given bywa = wf + �P fIT �XT��IP fIT + Rz � IXT �XIT��1 (z � Iwf ): (8)The assimilation of retrievals requires the speci�cation of the retrieval error covariancematrix Rz and the retrieval-forecast error cross-covariance X . Operational implementationsof retrieval assimilation are often based on statistically modeled retrieval error covariancesunder the assumption of stationarity, and horizontal homogeneity and isotropy. In addition,the retrieval-forecast error cross-covariance matrix X is often neglected as a result of thedi�culty associated with modeling it and accounting for it in a DAS. At the DAO, TOVSretrieval errors have been estimated using a tuning algorithm that separates horizontally-correlated components of the error from uncorrelated components as described in da Silvaet al. (1996a).3.4 Consistent Assimilation of Retrieved Data (CARD)M�enard (1995) proposed a potentially less expensive alternative to radiance assimilationthat has a more theoretically sound basis than traditional retrieval assimilation. Thismethod combines Rodgers' (1990) characterization of retrieval errors with Kalman �ltertheory leading to the consistent assimilation of retrieved data (CARD). The implementa-tion of CARD may be considerably less expensive than radiance assimilation for advancedinstruments where the number of radiance measurements is much greater than the numberof retrieved products (i.e., the retrieval is a form of data compression). The retrieval ofgeophysical parameters is a nonlinear estimation process. Often the problem is ill-posed andin this case requires the use of prior information. For example, nadir-viewing infrared andmicrowave pro�ling instruments use forecasts as prior information for interactive physicalretrievals. Prior information could also come from climatology or a representative ensembleof pro�les used to create a regression, pattern recognition, or neural net retrieval algorithm.The general CARD approach requires the speci�cation of error characteristics for the radi-ances as well as the prior information. Because the statistical characteristics of the priorinformation are often not known and/or di�cult to model and account for in a DAS, somemodi�cation to the retrieval may be necessary in order to eliminate the e�ects of prior in-formation. In the following two subsections, examples of di�erent CARD implementationsare given.3.4.1 Physical SpaceIf little or no prior information is used in the retrieval, the retrieval errors may be computedby propagation of instrument error (including detector noise and transfer modeling errors)as described in Rodgers (1990). In this way, the state dependence of the retrieval error isaccounted for. If the state dependence is to be properly accounted for, instrument errormust be speci�ed (as in the case of radiance assimilation). Once the retrieval error isestimated, the retrievals can then be assimilated in a consistent manner. This approachhas been used by M�enard et al. (1995) to assimilate constituent data from the CryogenicLimb Array Etalon Spectrometer (CLAES) using a Kalman �lter algorithm where retrievalerrors were reported by the instrument team.3.4.2 Phase SpaceIf a signi�cant amount of prior information is incorporated into the retrieval, the imple-mentation becomes more di�cult as a result of the cross-correlation between the prior13



information and forecast errors X in (8). Joiner and da Silva (1996) describe several waysto modify retrievals in order to remove the e�ect of the prior information thereby e�ectivelyremoving X . These approaches involve (1) �ltering the portion of the retrieval a�ectedby the use of prior information (i.e., null-space �ltering or NSF) or (2) performing a par-tial eigendecomposition (PED) retrieval in which prior information is not incorporated intothe retrieval. These approaches compress radiance observations in a single sounding to asmall number of orthogonal functions that will impact the data assimilation system. Forexample, Joiner and da Silva (1996) showed that over 500 radiances observations from theAIRS instrument could be compressed into approximately 10 pieces of relevant informationabout the temperature pro�le. The observations may then be compressed horizontally (i.e.,combined into a super-observation or super-ob) provided the retrievals are de�ned in termsof a consistent set of basis functions. The approaches described here have been demon-strated with simulated data in 1-D thus far. Full implementation of both direct radianceassimilation and the CARD/PED approach using TOVS data in PSAS is underway at theDAO so that these methods can be compared both in terms of cost and analysis quality.4 Implementation4.1 Data ow and Computational IssuesOne important consideration for incorporating new data types an appropriate data assimi-lation method is the bandwidth required to accommodate data ow between the site wherethe raw data is pre-processed and the site where the data is assimilated. For future high-spatial and high-spectral resolution instruments, such as MODIS and AIRS, the requiredbandwidths (assuming no data compression) can be quite large. Using level 3 productswhen possible, super-obbing, and/or the CARD methodologies described in section 3.4 thatallow for data compression, a signi�cant reduction in data ow as well as computation inPSAS can be achieved. To achieve this reduction in data ow, the preprocessing requiredto produce appropriate retrievals and to perform super-obbing must take place at the sitewhere the data resides. Furthermore, quality control (and in some cases covariance tuning)will have to be performed at the data site in conjunction with data compression. Interactionwith the EOSDIS project will be required to ensure that adequate facilities are in place toaccommodate data ow and data compression at the data site.4.2 Instrument Team InteractionMembers of instrument teams are familiar with the intricate and unique problems associatedwith a particular instrument (e.g., calibration and other sources of systematic error in theobservations and operators). In many cases, instrument teams have developed the tools thatare necessary to e�ectively use the data in a DAS (e.g., observation operators). In the past,interaction between instrument teams and data assimilation teams has been weak. TheDAO and New Data Types group would like to foster stronger interaction with instrumentteams. For this interaction to succeed, strong commitment by both the DAO and instrumentteams is required. A prototype for this interaction is planned with the MLS team.The current plan for instrument team interaction is that at least one representative froman instrument team will work closely with the DAO for an extended period of time (of theorder of a few months to a year). The time required to integrate the new data type intothe DAS will depend on several factors including the amount of previous experience with asimilar data type, the readiness of tools to assimilate the new data type (i.e., observationoperators), the quality of the data type (including the ability to remove bias), and theamount of pre-processing needed prior to assimilation. In most cases, instrument teams willbe expected to provide the DAO with the tools needed to properly assimilate the data, suchas observation operators and their derivatives. The instrument team member will interact14



Table 1: Seminar Speakers for New Data Types GroupSpeaker a�liation TopicSteve Bloom NASA Ocean-surface Wind RetrievalsAl Chang NASA Snow Water Equivalent RetrievalJohn Derber NMC/NCEP Radiance Assimilation at NMCAnne Douglass NASA Ozone 3D Chemistry-Transport ModelGregory Gurevich USRA/UMd Satellite TomographyPaul Houser U Arizona Remote Sensing of Soil MoistureRandy Koster NASA Mosaic Land Surface ModelChris Kummerow NASA Precipitation Retrievals (SSM/I and TRMM)Venkataraman Lakshmi NASA Soil Moisture from SSM/IAndrea Molod NASA Coupling of Land Surface Model at DAOHoward Motteler UMBC Neural Net Retrievals (SSMT/2 and AIRS)Bill Seegar Aberdeen Bird-based meteorological measurementsLarrabee Strow UMBC Fast and hyperfast IR radiative transfer modelingDavid Tobin UMBC Infrared spectral lineshapeswith DAO sta� specializing in covariance tuning, quality control, and the PSAS interface.The instrument team member is expected to provide baseline models for systematic errorcorrection and covariance modeling and will assist with quality control and monitoring.Another aspect of instrument team interaction involves teams utilizing the data assimi-lation system to diagnose and correct problems with the instrument (i.e., calibration error)and observation operators (e.g., tuning the forward model). An example of this is the workdone with the ERS-1 scatterometer by Sto�elen and Anderson (1995). This interaction willbe part of the monitoring activity for any new data type to be used in the GEOS system.As part of the DAO commitment to bring together instrument teams and data assimila-tion teams, the DAO has agreed to host and help organize a satellite assimilation workshopheaded by Ron Errico and George Ohring in March 1997. The New Data Types group hasalso invited several instrument team members and scientists working on related projects togive seminars. Table 1 lists speakers to date that have given seminars at the DAO. Table 2lists other visitors, collaborators, and consultants in contact with the DAO New Data Typesgroup.5 PrioritiesDuring several meetings of the New Data Types group, instruments on past, present, andfuture platforms were reviewed in order to prioritize their usage in the GEOS/DAS. Datatypes were selected to be used either for assimilation, analysis (non-cycled), or validation.When two or more instruments provided redundant information, generally one was selectedfor assimilation, allowing for the other to be used as independent validation (or perhaps biasestimation). An initial selection of a data type for validation may change to assimilationafter monitoring if (1) the data appear to be of higher quality than data currently usedfor assimilation (2) a commitment is made by an instrument team (3) no commitment byan instrument team is made, but resources within the DAO permit. Da Silva et al. 1996bdescribe the planned DAO On-Line Monitoring System (DOLMS).Each data type was initially assigned a score on a four point scale based on an estimate ofthe cost-to-bene�t ratio, where bene�t is de�ned primarily in terms of meeting the scienti�c15



Table 2: Visitors, Consultants, and CollaboratorsContact A�liation SubjectP.K. Bhartia NASA TOMS/SBUV retrievalsMoustafa Chahine JPL AIRS retrievalsJean Dickey JPL GPS ground-based H2O retrievalsSteve Engman NASA Soil moisture from passive microwaveEvan Fishbein JPL MLS retrievalsLarry Gordley GATS CLAES retrievals, limb sounding radiative transferChristian Keppenne JPL GPS ground-based H2O retrievalsArlin Krueger NASA TOMS retrievalsSteven Marcus JPL GPS ground-based H2O retrievalsPiers Sellers NASA Sib2 Land-Surface ModelMax Suarez NASA Mosaic Land Surface Model, etc.Joel Susskind NASA TOVS/AIRS retrievalsJoe Waters JPL MLS retrievalsgoals described in section 2 and cost is estimated primarily in terms of person labor andto a lesser extent computational cost (o�-line and on-line computation, data storage andtransfer). Factored into the bene�t are the spatial and temporal coverage (e.g., time-periodand coverage for which data type is available). The cost estimate includes factors such asinstrument team commitment, previous experience with a similar data type, an estimateof how much work is needed to produce the observation operator, known di�culties withcalibration and systematic error, and an estimate of the amount of preprocessing neededprior to assimilation. The initial scores were translated into either a ranking of eitherhigh or low priority. These rankings are listed in following subsections along with relevantinformation about each data type considered. The prioritization is to be used as a guidefor allocating resources and does not necessarily indicate a commitment by the DAO toassimilate or use a particular data type. The actual use of a data type in the GEOS systemwill depend on resources available (including instrument team commitments).5.1 Priorities grouped by science topicNew data types are �rst grouped roughly by science topic. The groupings below are notlisted in order of priority. For a given topic, all data types considered are listed. For eachdata type, the expected use in the GEOS system is also listed, i.e., whether the data typewill be used in the �rst look analysis, �nal platform, reanalysis only, pocket analysis, etc.(see Stobie, 1996, or da Silva et al., 1996b, for a summary of operations). Although we foundsome data types to be strong candidates for assimilation, they may have been selected forvalidation on the basis of personnel considerations.If available, a speci�c product name is listed. Data volumes are also listed. These wereestimated from B. Bass (private communication, most recent estimate) when available orfrom values reported in NASA (1994). These are given in Gigabyte/day for level 2 productsunless otherwise noted. Caution should be exercised in extrapolating from the �gures listedhere for data ow calculations. In some cases super-obbing will be performed to reduce dataow. For example, the data volume from super-obbed or level 3 MODIS data types will bemore than a factor of 100 less than the data volume of the level 2 products. In some cases,data types are produced less than once per assimilation period (e.g., land-surface productsfrom MODIS to be used as boundary conditions produced once every 6, 15, or 30 days) and16



need not be re-transmitted every assimilation cycle. Estimates for data volume for level 3products are not yet available.The notations used in the tables are de�ned as follows:1L: First Look Analysis (performed 12-24 hours after data time, used by EOS instrument teamsfor retrieval algorithms, etc.)FP: Final Platform including reanalysis of �nal platform (runs several months after data time,includes data from �rst look as well as data from the EOS platform)RA: Reanalysis (multi-year reprocessing of pre-EOS era and EOS-era using frozen system)V: ValidationOA: O�ine AnalysisB: Boundary ConditionPA: Pocket Analysis (similar to reanalysis, but for a limited time-period)H: High priorityL: Low priorityS: Candidate for super-obbing/pre-processing at data siteE: Estimate�pastzfutureypast, present, future5.1.1 TemperatureThere is an abundance of temperature data available for assimilation and validation. Forboth the �rst look system and �nal platform, TOVS was given the highest priority. Theother measurements, with the exception of MLS, were selected for validation. Currently,in addition to conventional data, retrieved temperature (height) pro�les from TOVS (from17



NESDIS and GLA) are assimilated in the traditional manner. This approach has beenimplemented with covariance tuning as described in da Silva et al.(1996a) in GEOS-2.The advanced methodologies (radiance assimilation and phase-space retrieval assimi-lation) described in section 3 are currently being implemented and evaluated with TOVSPath�nder data in anticipation of future sounders such as AIRS and IASI. For the �rstlook system as well as �nal platform and reanalysis with GEOS-3 and beyond, the mostappropriate method will be selected on the basis of cost and quality of the analysis. Theselected method will be implemented with NESDIS radiances/retrievals for the �rst looksystem. If a reliable alternate data source for TOVS cloud-cleared radiances and retrievalsis available in near real-time for the �rst look system, a selection will be made on the basisof product quality after monitoring has been performed.The strategy for implementing new methodologies with TOVS is as follows:(1) A 1-D simulation of the PED approach using TOVS and AIRS radiances was com-pleted in early 1996. The results showed that the data compression for both AIRS andTOVS should signi�cantly reduce computation in PSAS. Based on the 1-D results, thetheoretical foundation for this approach appears sound.(2) A fast forward radiative transfer model was extracted from the TOVS Path�ndercode (Susskind et al., 1983) and an analytic Jacobian (can be used as TLM and adjoint)was added. This model, called GLATOVS, is described in Sienkiewicz (1996). This modelis currently being compared (in several respects) with RTTOVS.(3) Systematic error correction to account for errors in the forwardmodel and instrumentcalibration is an integral part of assimilating data from any microwave/IR sounder. Inearly 1996 a simulation of forward model error was completed. The results showed that,as expected, systematic error can be as large or larger detector noise. In the �rst partof 1996, several systematic error correction schemes have been compared in a simulationenvironment. Currently, a physically-based correction scheme is being implemented withTOVS Path�nder data. After the algorithm has been tested, validated, and frozen, theresults will be documented. The documentation should be completed in summer of 1996.(3) After the systematic error correction scheme has been implemented, the radianceerror covariance will be estimated using the approach described in da Silva et al.(1996a).This activity will take place in summer of 1996.(4) Beginning in fall 1996, when observation operators have been implemented in PSAS,a comparison of the PED and the direct radiance assimilation approaches will be completedusing TOVS Path�nder data for one season. The results will also be compared with thecurrent method of tuned retrieval assimilation. One approach will be selected on the basisof cost and analysis quality for use in future systems.(5) The selected method will be implemented with NESDIS radiances in winter 1996-1997. The quality of the analysis with radiances from NESDIS and Path�nder will becompared. If there is a signi�cant di�erence in data quality, the Path�nder data will beused for reanalysis.Stratospheric temperature measurements from MLS were also given a high priority forassimilation as a result of a commitment from the MLS team. The availability of MLStemporal coverage makes it a candidate for pocket analysis. The �rst meeting with theMLS team will take place in late June of 1996. The project design will begin at that time.The project is expected to begin in late summer 1996 and should last approximately oneyear.5.1.2 Moisture AssimilationConventional data has been the primary source of moisture data in the GEOS/DAS todate. Experiments with assimilating total precipitable water (TPW) from SSM/I at theDAO (Ledvina and Pfaendtner, 1995) have shown positive impact especially in the tropicswhere the GCM is known to have a dry bias. Both TOVS and SSM/I (and TMI) provideinformation about TPW. In addition, TOVS provides some additional information about18



Table 3: Priorities for assimilating temperature dataInstrument Satellite Observable Use/Priority Vol (GB/day)yConventional N/A ANC NOAA RDSONDS OBS 1L H 0.010yTOVS, ATOVS POES (NESDIS) ANC NESDIS TOVS THKN RETS 1L H 0.030yTOVS, ATOVS POES (GLA) Trop/Strat RA H 0.2yMLS UARS Strat RA H 0.02yGPS GPSMET Trop/Strat V H 0.0EySSM/T DMSP Trop/Strat V H ?yGOES sounder GOES Trop V L ?S�LIMS Nimbus 7 Strat PA H ?�CLAES UARS Strat V H 0.02zMODIS EOS AM Trop (MOD30) V H 11.2SzIMG ADEOS Trop/Strat V L ?Sthe pro�le and has coverage over both land and water. The capability to assimilate moistureinformation from both TOVS (as described above) and SSM/I will be in place for GEOS 3and beyond. The �nal decision on which data type or combination thereof will be made onthe basis of computational cost and analysis quality.A collaborative e�ort is underway with scientists at JPL and DAO to use ground-basedGPS data in the GEOS system. The actual assimilation of GPS data into the GEOSsystem will begin in approximately two years after initial studies have been completed. Thenumber of GPS ground-based measurement systems is expected to increase dramatically inthe future and initial studies show the TPW from these systems to be of high quality.Several other instruments received high priority for validation. Although several ofthese data types are strong candidates for assimilation in the GEOS system (e.g., MLS andSSMT/2), resources in addition to those currently in place would be required for this asthese data types have little heritage.5.1.3 Convective/Precip. Retrieval AssimilationDeveloping the capability to assimilate convective data, including precipitation, is an ongo-ing research project at DAO. The goal is to have this capability ready in fall of 1996, andto compare this approach with the physical initialization approach used by Krishnamurtiet al. (1991) in winter of 1996. The basic approach is to use a physical model (RAS) as anobservation operator to perform a 1-D retrieval of water vapor, which is then assimilated inPSAS in the context of the CARD/PED approach described above. Currently, a simpli�edversion of this algorithm has been coded and is undergoing tests. This approach does notassume that either the data or the model are perfect. The �rst implementation will use datainferred from SSM/I. TRMM data will be used when it becomes available. In the future,other data types including inferred cloud top temperature and OLR, will be assessed forassimilation in a similar manner. A summary of convective data types is given in table 5.5.1.4 Land SurfaceThe DAO is currently developing the capability to assimilate land-surface data. At thepresent time, the Mosaic (Koster and Suarez, 1992) land-surface model (LSM) has justbeen coupled with the GEOS GCM and is undergoing tests. Currently, o�-line tests withthe Mosaic LSM are also being performed. The Mosaic LSM does not have the abilityto accept satellite data in order to specify boundary conditions. It is planned that partof the Sib2 (e.g., Sellers, et al., 1986) LSM that accepts satellite data will be integrated19



Table 4: Priorities for assimilating water vapor dataInstr. Satellite Observable Use/Priority Vol (GB/day)yConven. N/A ANC NOAA RDSONDS OBS 1L H 0.01yTOVS, ATOVS POES (NESDIS) ANC NESDIS TOVS RETS 1L H 0.030yTOVS POES (GLA) Trop RA H 0.2ySSM/I DMSP ANC MSFC SSMI PRCP WATER 1L H 0.050yGPS Ground TPW RA H 0.0ySAGE ERBS, etc. Strat V H 0.0yMLS UARS Strat V H 0.02ySSM/T2 DMSP Trop V H ?yGOES GOES Trop (prof) V L ?S�HALOE UARS Strat V H 0.0zTMI TRMM TPW FP H ?zMODIS EOS AM Trop (MOD30 L2) V H 7.192SzIMG ADEOS Trop V L ?SNote: Volumes in GB/dayTable 5: Priorities for assimilating convective retrievalsInstrument Satellite Observable Use/Priority Vol (GB/day)ySSM/I DMSP Prec rate, surf FP H 0.04ySSM/I DMSP Cloud liq H2O V H 0.04yISCCP (POES) Cloud Top, frac V H 0.01yConven. N/A Cloud base V H 0.0yTOVS POES (GLA) Cloud top V H 0.2yConven. N/A Radar Precip V H 0.03yMSU POES (Path) Precip ocean V L 0.01�ERBE ERBS TOA ux V H 0.0zTMI TRMM (M69) TMI PROF L2A-12 FP H 1.314SzTMI,PR TRMM TRMM COMB L2B-31(M73) V H 0.848SzPR TRMM PR Prof (M72) V H 1.8SzMODIS EOS AM Cloud (MOD06) V H 1.13SzCERES TRMM TOA, cloud (CER07) V H 0.26SzCERES EOS AM TOA, cloud (CER07) V H 0.26SzAMSU POES Cloud liq H2O V L TBD20



Table 6: Priorities for assimilating land-surface dataInstrum. Satellite Observable Use/Priority Vol (GB/day)yConven. N/A Ta, qa ANC NOAA SFC OBS FP, RA H 0.05yTOVS POES (GLA) Ts FP, RA H 0.2ySSM/I DMSP Snow Wat.Eq. (SWE) FP, RA H 0.01ySSM/I DMSP Surface Wetness FP, RA H 0.01yAVHRR POES ANC NESDIS NDVI B, RA H 0.069S�SMMR Nimbus7 SWE RA H 0.00zMODIS EOS AM Ts (MOD11 L2) V (FP) H 6.376zMODIS EOS AM NDVI (MOD34 L3 10DY) B, FP H 93.558GB/10day-SzMODIS EOS AM LAI, FPAR (MOD15 L4 10DY) B, FP H 1.502GB/10day-SzMODIS EOS AM Evaptrans (MOD16 L3 10DY) B, FP H 22.537GB/10day-SzMODIS EOS AM (MOD09 BRDF L3 16DY) B, FP H 108.16GB/16day-SzMODIS EOS AM Land type (MOD12 L3 32DY) B, FP H 0.417/32day-SzMODIS EOS AM LS res (MOD41 L2) B, FP H 23.652/day???zASTER EOS AM Ts (on demand only) V L ?Swith the Mosaic model in GEOS. When this is accomplished, satellite derived productssuch as the Normalized Di�erential Vegetation Index (NDVI) and others listed in Table 6from AVHRR and MODIS will be ingested. In addition to surface station observations(temperature Ta and humidity qa), we are investigating the feasibility of assimilating surface(skin) temperature (Ts) derived from IR instruments, as well as snow water equivalent(SWE) and surface wetness inferred from passive microwave instruments. It is expectedthat some combination of these data types will be used in the �nal platform system.5.1.5 Ocean SurfaceOcean wind data from both passive microwave (SSM/I and SMMR) and scatterometers(ERS-1 and NSCAT) were identi�ed as high priority data types for the 1998 system (both�rst look and �nal platform). Table 7 lists the details of ocean surface data types considered.For the 1998 system, the capability of assimilating data from both passive microwave andscatterometers will be in place. However, before one or more of these data types are used,the data will have been monitored and corrected if necessary for systematic errors (includingobservation operator error). The speci�c plans for use of NSCAT data are outlined below.Starting in December 1996, the Synoptic Evaluation Group will start receiving NSCATscience products, which includes backscatter measurements, (Level 1.7 data), retrievedranked wind ambiguities (Level 2.0 data), as well as gridded wind �elds (Level 3.0 data).The operational release of the data is scheduled to start about March 1997, although thedata format will change. The initial plan is to assimilate NSCAT retrieved wind velocityand possibly employ an ambiguity removal algorithm.The process of assimilating surface wind data includes the following steps:(1) A process, known as MOVEZ, is used to create a suitable �rst guess wind �eld bya reduction process of the lowest model level wind �eld to 10m, consistent with the GEOSPBL. The multivariate wind and sea level pressure analysis is performed. Subsequently,the analyzed wind �eld is extended up to the lowest vertical model level and the analysisincrements are computed. The analysis increments of the upper air wind �eld at 850 hPaand the lowest model level are then interpolated linearly in log (P) to the vertical modellevels in between. This work will begin approximately 4 weeks after the GEOS-2 (withPSAS) is frozen. 21



Table 7: Priorities for assimilating ocean-surface dataInstrument Satellite Observable Use/Priority Vol (GB/day)yConventional N/A u, v, Tair, qs 1L H 0.0ySSM/I DMSP Wind speed 1L, RA H 0.01yERS-1,2 ERS-1,2 speed, dir, �o 1L, FP H 0.20E�SMMR Nimbus-7 speed V L 0.01zNSCAT ADEOS ANC NESDIS NSCAT WNDPDT 1L H 0.046zNSCAT ADEOS ANC JPL NSCAT WNDPDT FP H 0.046(2) In order to maximize the inuence of the surface wind �eld in the GEOS DAS, theNSCAT wind vectors are also extended by a process analogous to MOVEZ to the modellowest vertical level. The observation innovations are computed and used by the multivariatemass - wind analysis. A check is made of the atmospheric stability, and only the observationsunder the unstable or neutral conditions are used. The 3-D global analysis that makes use ofthe data and propagates the information in the vertical according to the background errorvertical correlation function. This particular process has experimentally been applied toERS-1 scatterometer data within the GEOS-1 DAS environment and presented in Tokyo in1995. It resulted in modest improvement of the resultant forecast experiments. Within theframework of PSAS it is expected to result in a more signi�cant impact of scatterometer datadue to a truly global three dimentional design of PSAS. This step will begin approximately4 weeks after step (1).(3) A simple surface wind ambiguity removal algorithm is in place in GEOS-1 DAS. Itwill be tested with the new GEOS DAS. The algorithm compares the directions of availableambiguous wind vectors with the background �eld and chooses the one closest to it. Inthe future an interactive procedure or a 2D Variational ambiguity removal algorithm mightreplace the current one. If done, this work would begin in Jan or Feb of 1997.5.1.6 ConstituentsThe plans for constituent assimilation will be given at a later time. The data types con-sidered for ozone assimilation are given in table 8. The data types considered for COassimilation are given in table 9.5.1.7 Wind pro�leCurrently, wind pro�le data used in GEOS are obtained from radiosondes and derived cloudtrack winds. Several of the data types listed in table 10 appear to be strong candidatesfor assimilation (e.g., water vapor winds similar to cloud track winds). These new datatypes can enhance the coverage of current wind pro�le data. However, because there islittle heritage for assimilating these data types, they are presently selected for validation.As resources permit, some of these data types may eventually be assimilated.5.1.8 AerosolsAlthough consideration has been given to aerosol assimilation (M�enard, personal notes),this topic has been given an overall low priority at present. Therefore, all data types listedin table 11 were selected for validation. 22



Table 8: Priorities for assimilating ozone dataInstrument Satellite Observable Use/Priority Vol (GB/day)yTOMS N7/Meteor/ADEOS total OA H 0.01ySBUV N7/POES prof V (OA) H 0.001yConven. N/A prof V H 0.0ySAGE ERBS, etc. strat prof V H 0.0yMLS UARS upper strat prof V H 0.02yGOME ERS-2 total, prof V L ?yTOVS POES (GLA) lower strat V L 0.2�CLAES UARS upper strat prof V L 0.02�HALOE UARS upper strat prof V L 0.02zILAS ADEOS upper strat prof V L ?zIMG ADEOS lower strat prof V L ?Table 9: Priorities for assimilating CO dataInstrument Satellite Observable Use/Priority Vol (GB/day)�MAPS Shuttle prof OA H 0.0zMOPITT EOS AM prof OA H TBDyConven. N/A prof V H 0.0Table 10: Priorities for assimilating wind pro�lesInstrument Satellite Observable Use/Priority Vol (GB/day)yConventional N/A ANC NOAA RDSONDS OBS 1L H 0.01yConventional N/A ACARS ANC NOAA ARCFT OBS 1L H 0.01ycloud track GOES ANC NESDIS GOES WIND MOTION 1L H 0.008yRADAR N/A trop/strat/mes VH ?water vapor GOES/other trop V H ?�HRDI UARS strat/mes V L 0.003�WINDII UARS mes V L 0.03�MODE Shuttle V L ?zSWIPE TBDTable 11: Priorities for use of aerosol dataInstrument Satellite Observable Use/Priority Vol (GB/day)ySAGE ERBS, etc. Strat V L 0.0yTOMS Nimbus 7 Strat/Trop V L 0.01�CLAES UARS Strat V L 0.02�HALOE UARS Strat V L 0.02zMISR EOS-AM properties V L ?zILAS ADEOS Strat V L ?23



Table 12: High-priority data types from POES satelliteInstrument Observable UseyTOVS Temp. Prof/rad 1LyTOVS H2O Prof/rad 1LyTOVS Ts FP, RAyAVHRR ANC NESDIS NDVI B, RATable 13: High-priority data types from UARS satelliteInstrument Observable UseyMLS Strat T RAyMLS Upper Trop/Strat H2O VyMLS upper strat O3 V�CLAES Strat T V�HALOE Strat H2O V�HALOE upper strat prof O3 V5.2 Priorities grouped by satelliteThis section categorizes high priority items by satellite. The priorities for the POES, UARS,TRMM, ADEOS, and EOS-AM1 satellites are listed in tables 12-16, respectively.5.3 Priorities grouped by use in GEOSThis section categorizes high priority items according to use in GEOS. Data types aregrouped as either used for �rst look, �nal platform (data types in addition to those used forthe �rst look), or reanalysis/pocket analysis (may include data types used in the �rst lookand �nal platform) in tables 17-19, respectively. Some of the high-risk data types (suchas land-surface data) have not been included here. Data types used for validation are notlisted here.
Table 14: High-priority data types from TRMM satelliteInstrument Observable UsezTMI PR Prof (M69) FPzTMI,PR PR Prof (M73) VzPR PR Prof (M72) VzCERES cloud (CER07) V 24



Table 15: High-priority data types from the ADEOS satelliteInstrument Observable UsezNSCAT wind speed, dir, �o FPyTOMS total O3 OATable 16: High-priority data types from EOS AM1 satelliteInstrument Observable UsezMODIS NDVI B, FPzMODIS LAI, FPAR B, FPzMODIS Evaptrans B, FPzMODIS BidirRe B, FPzMODIS Land type B, FPzMODIS LS res B, FPzMODIS Cloud VzMODIS Ts VzMODIS T,q Prof (MOD30) VzMOPITT CO Prof OAzCERES TOA, cloud (CER07) VTable 17: High-priority data types for �rst look systemInstrument Platform Observable VolumeyConventional N/A ANC NOAA RDSONDS OBS 0.010yTOVS, ATOVS POES (NESDIS) ANC NESDIS TOVS THKN RETS (T, q, radiance) 0.030yConventional ship, buoy u, v, Tair, qs 0.0ySSM/I DMSP ANC MSFC SSMI PRCP WATER 0.050ySSM/I DMSP Wind speed 0.01yERS-1 ERS-1 speed, dir 0.20EzNSCAT ADEOS ANC NESDIS NSCAT WNDPDT 0.046yConventional N/A ACARS ANC NOAA ARCFT OBS 0.01ycloud track GOES ANC NESDIS GOES WIND MOTION 0.008Table 18: High-priority data types for �nal platform.Instrument Platform Observable VolumeySSM/I DMSP Prec rate, surf 0.04zTMI TRMM (M69) TMI PROF L2A-12 1.314SzNSCAT ADEOS ANC JPL NSCAT WNDPDT 0.046zMODIS EOS AM NDVI (MOD34 L3 10DY) 93.558GB/10day-SzMODIS EOS AM LAI, FPAR (MOD15 L4 10DY) 1.502GB/10day-SzMODIS EOS AM Evaptrans (MOD16 L3 10DY) 22.537GB/10day-SzMODIS EOS AM (MOD09 BRDF L3 16DY) 108.16GB/16day-SzMODIS EOS AM Land type (MOD12 L3 32DY) 0.417/32day-SzMODIS EOS AM LS res (MOD41 L2) 23.652/day???25
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7 Appendix7.1 Appendix A: AcronymsCARD: Consistent Assimilation of Retrieved DataCTW: Cloud track windsDAO: Data Assimilation O�ce (NASA Goddard Space Flight Center Laboratory for Atmospheres)DAS: Data Assimilation SystemEOSDIS: Earth Observing System Data and Information SystemGCM: General Circulation ModelGEOS: Goddard Earth Observing SystemEKF: Extended Kalman FilterLSM: Land-Surface ModelMTPE: Mission to Planet EarthNDVI: Normalized Di�erential Vegetation IndexNWP: Numerical Weather PredictionPSAS: Physical-space Statistical Analysis SystemPV: Potential VorticitySWE: Snow Water EquivalentTPW: Total precipitable water
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7.2 Appendix B: Instruments and SatellitesADEOS: Advanced Earth Observting Satellite (Mid-late 1996)AIRS: Atmospheric Infrared Sounder (EOS PM)AMSU A-B: Advanced Microwave Sounding Unit (POES, EOS PM)AVHRR: Advanced Very High-Resolution RadiometerASTER: Advanced Spaceborne Thermal Emission and Reection Radiometer (EOS AM)ATOVS: Advanced TOVS; HIRS3/AMSU (POES)CERES: Clouds and Earth's Radiation Energy System (TRMM, EOS AM)CLAES: Cryogenic Limb Array Etalon Spectrometer (UARS)DMSP: Defense Meteorological Satellite Program (currently operational)EOS AM1: Earth Observting Satellite AM (June 98 launch)EPS: EUMETSAT (European Meteorology Satellite) Polar SystemERBE: Earth Radiation Budget Experiment (ERBS)ERBS: Earth Radiation Budget SatelliteERS-1,2: European Remote Sensing Satellite (Scatterometer, 6 channel IR-Visible radiometer)GOES: Geostationary Observational Environmental Satellite (Imager and 18 channel visible andinfrared sounder, currently operational)GOME: Global Ozone Monitoring Experiment (ERS-2)GPS: Global Positioning SystemHALOE: Halogen Occultation Experiment (UARS)HIRS2/3: High-Resolution InfraRed Sounder (POES)HRDI: High Resolution Doppler ImagerIASI: Infrared Atmospheric Sounding Interferometer (EPS)ILAS: Improved Limb Atmospheric Spectrometer (ADEOS)IMG: Interferometric Monitor for Greenhouse Gases (ADEOS)ISCCP: International Satellite Cloud Climatology Project (several IR and visible instrumentsaboard di�erent satellite)LIMS: Limb Infrared Monitor of the Stratosphere (Nimbus 7)MAPS: Measurement of Atmospheric Pollution from Satellites (?)MHS: Microwave Humidity Sounder (EOS-PM)MLS: Microwave Limb Sounder (UARS)MODIS: Moderate-Resolution Imaging Spectrometer (EOS AM)MSU: Microwave Sounding UnitMOPITT: Measurement of Pollution in the Troposphere (EOS AM)NSCAT: NASA Scatterometer (ADEOS)POES: Polar Orbiting Environmental Satellite (Currently Operational)PR: Precipitation Radar (TRMM) 30



SBUV: Satellite Backscatter Ultraviolet radiometer (Nimbus 7, POES)SAGE: Stratospheric Aerosol and Gas Experiment (ERBS)SMMR: Scanning Multispectral Microwave Radiometer (?)SSM/I: Special Sensor Microwave/Imager (DMSP)SSM/T: Special Sensor Microwave (Temperature sounder) (DMSP)SSM/T2: Special Sensor Microwave (Water vapor sounder) (DMSP)SSU: Stratospheric Sounding Unit (POES)TMI: TRMM Microwave Imager (TRMM)TOMS: Total Ozone Mapping Spectrometer (ADEOS, Meteor, Earth Probe, Nimbus 7)TOVS: TIROS Operational Vertical Sounder; HIRS2/MSU/SSU (POES)TRMM: Tropical Rainfall Measuring Mission (summer '97 launch)UARS: Upper Atmospheric Research Satellite (some instruments in operation)WINDII: Wind Imaging Interferometer (UARS)
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