










 Categoria
 Top Downloads




Entrar
Registrar
Recobrar











Pesquisar












	
Categoria

	
Top Downloads

	
	
Entrar

	
Registrar







Pesquisar











	
Home

	Atmospheric mass-transport inconsistencies in the ERA-40 reanalysis 

 Atmospheric mass-transport inconsistencies in the ERA-40 reanalysis 


July 5, 2017 | Autor: Michael Tjernström | Categoria: Oceanography, Atmospheric sciences, Mass Transport 



 BAIXAR PDF 



 Share
 Embed



 Denunciar este link














Descrição do Produto


QUARTERLY JOURNAL OF THE ROYAL METEOROLOGICAL SOCIETY Q. J. R. Meteorol. Soc. 133: 673–680 (2007) Published online 22 March 2007 in Wiley InterScience (www.interscience.wiley.com) DOI: 10.1002/qj.35



Atmospheric mass-transport inconsistencies in the ERA-40 reanalysis R. G. Graversen,* E. K¨all´en, M. Tjernstr¨om and H. K¨ornich Department of Meteorology, Stockholm University, 106 91 Stockholm, Sweden



ABSTRACT: The ERA-40 reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) is an atmospheric data-set based on a comprehensive collection of observations and a state-of-the-art system for assimilating data. High-quality data, encompassing more than four decades, have successfully been used in a wide range of applications, including climate change studies. However, even though the ERA-40 data-set benefits from improvements in the assimilation procedures since the release of earlier reanalyses, ERA-40 exhibits unrealistic behaviour as regards some atmospheric quantities, including the water budget and the Brewer–Dobson Circulation. In addition, the results presented here show significant mass-budget inconsistencies. Over inter-annual timescales (greater than one year), the vertically-averaged meridional mass transport is unrealistic and cannot be explained on the basis of naturally occurring physical processes. This mass inconsistency also yields spurious signals in meridional fluxes of other atmospheric quantities, such as energy. The total atmospheric mass content, on the other hand, shows a realistic evolution on daily timescales during the satellite era, from about 1979 onwards. Through this period, the variability of the total mass on intra-annual timescales (less than one year) and annual timescales is consistent with differences between evaporation and precipitation. Here it is demonstrated that unrealistic mass fluxes are present in ERA-40 because of inherent properties of the data assimilation process. In assimilating model forecasts, between analysis time-steps, systematic and unrealistic changes of the local surface-pressure field in the assimilating model are encountered. These local mass changes are associated with mass fluxes. During the assimilation procedure, observations reset the surface-pressure field, whereas the mass fluxes are not adjusted properly. This is because surface-pressure observations are plentiful and accurate, in contrast to wind observations. Consequently, the analysed mass fluxes show a spurious development, even though the mass field itself is well captured. A correction method can be applied in order to eliminate the spurious fluxes. For trend calculations it is demonstrated that this method yields more realistic results than those obtained from the original ERA-40 data. Copyright  2007 Royal Meteorological Society KEY WORDS
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1.



Introduction



A reanalysis is a high-quality, global data-set encompassing the evolution of a wide range of atmospheric quantities through several decades. Such data-sets have been extensively used for studies of atmospheric circulation patterns, as well as climate changes and their associated trends. To ensure consistency, a frozen assimilation procedure is used within a reanalysis framework. Nevertheless, differences between the observational systems used at different times yield spurious low-frequency variabilities and trends in the data sets. In the present study it is found that the ERA-40 reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) has meridional mass fluxes that are too large to be explained by naturally-occurring processes. Signals of major changes in the observational systems are * Correspondence to: R. G. Graversen, Department of Meteorology, Stockholm University, 106 91 Stockholm, Sweden. E-mail: [email protected] Copyright  2007 Royal Meteorological Society



clearly found in these fluxes. It is suggested here that the assimilation process itself has also contributed to the erroneous part of the fluxes. The incorrect mass fluxes affect the transports of other atmospheric variables, such as energy and momentum. Hence climate-change studies using these quantities based on the ERA-40 data set should be undertaken with great care. Cai and Kalnay (2005) discussed the question whether a reanalysis in general can be trusted with respect to trend estimates, even if the climatology of the model used in the assimilation process differs from that of the real world. They concluded that long-term trends can be captured well, even though the model’s climatology is ‘frozen’ (i.e. has no trends). This is true if, in the assimilation process, sufficient weight is given to the observations (i.e. they are accurate and densely distributed) and if the analysis time-step used in the model is short relative to the timescales of the trends in the observations. It is speculated here that the analysed surface-pressure field fulfils the criteria proposed by Cai and Kalnay (2005)
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whereas the mass fluxes do not: the surface-pressure observations are numerous and accurate, in contrast to those of the winds. ERA-40 has benefited from improvements that have taken place since the releases of the NCEP reanalysis from the National Center for Atmospheric Research (NCAR) (Kalnay et al., 1996) and the ERA-15 reanalysis from the ECMWF. For instance, compared to ERA-15, ERA-40 includes improvements to the parametrization of the stable boundary layer, as well as to the description and parametrization of the orography (Uppala et al., 2005). These refinements have led to the 2-metre temperature field within the ERA-40 framework being more realistic than that in the ERA-15 data. An improved approach using screen-level temperature measurements in the data assimilation process has also been implemented; this contributes to a better representation of the surface air temperature in ERA-40 than in the NCEP reanalysis (Simmons et al., 2004). In addition, a T159 resolution was used within the ERA-40 framework, whereas T106 and T62 were used for the ERA-15 and NCEP reanalyses, respectively. The ERA-40 model includes 60 vertical hybrid levels, from 10 m in the boundary layer to 0.1 hPa in the mesosphere. Correspondingly, the ERA-15 model comprises 31 levels, from 33 m to 10 hPa. Other improvements are documented by Uppala et al. (2005). The total mass of the atmosphere is approximately 5.148 × 1018 kg (Trenberth and Smith, 2005), and remains almost constant in time. The component that accounts for the largest variability of the total atmospheric mass is water vapour. The summer atmosphere contains more water than the winter atmosphere, and this difference is larger in the Northern Hemisphere, since this hemisphere has a larger proportion of continental cover, and hence a larger annual temperature cycle, than its southern counterpart. Therefore the total atmospheric mass shows an annual cycle with a range of about 2 × 1015 kg. Contributions to the total-mass variability from other sources and sinks, such as those associated with anthropogenic emissions and volcanic eruptions, are negligible compared with evaporation and precipitation. The total atmospheric mass as a function of time, based on the ERA-40 reanalysis with daily data and an assumed spherical geometry of the Earth, is shown in Figure 1. The mean is about 5 × 125·1018 kg, which is consistent with the estimate suggested by Trenberth and Smith (2005), when a factor of 1.0043 is applied to take into account the flattening of the Earth towards the poles. A realistic evolution of the time series is found in the satellite era, after 1979, where the annual cycle associated with the water budget is in clear evidence. Prior to 1979, the evolution is characterized by a large unrealistic variability on intra-annual timescales (less than one year). In particular, changes in both the intraannual variability and the inter-annual (greater than one year) variability are found around 1973 and 1979. Satellite observations became available for the ERA40 assimilation process during these years: the Vertical Temperature Profile Radiometers (VTPR) in late 1972, Copyright  2007 Royal Meteorological Society
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Figure 1. Daily values of the total mass of the atmosphere for the period 1958–2002. The unit is 1017 kg.



superseded in 1979 by the TIROS Operational Vertical Sounders (TOVS). Throughout the satellite era following 1979, a slight trend is visible; this could be due to an increase of water vapour in the atmosphere associated with global warming. These and many other features are discussed by Trenberth and Smith (2005) and by Uppala et al. (2005). The main difference between Figure 1 and the results presented by these authors is that Figure 1 is based on daily data. We find it impressive that ERA-40, even on daily timescales, captures a realistic development of the globally averaged atmospheric mass field during the period from 1979 onwards. In the next section we will show, however, that the same is not true for internal mass fluxes in the atmosphere. 2. Inter-annual variability of the meridional mass fluxes The continuity constraint for a unit column of air can be expressed as ∂ps +∇· ∂t







ps



u dp = g(E − P ),



(1)



0



assuming that the sources and sinks are associated solely with the water budget. In this equation, mass contributions associated with changes of other species, such as CO2 and SO2 , which are several orders of magnitude less than those of water vapour, are neglected. The symbols in the equation are explained in Appendix B. The vertically-averaged meridional mass transports on inter-annual timescales as a function of time and latitude are shown in Figure 2. A fast-Fourier-transform filter was applied in order to focus on variability on timescales longer than four years. The field has been calculated using variables on the model grid, thereby avoiding interpolation errors. The associated mass-flux divergences are shown in Figure 3. Appendix A further describes the numerical procedures. Over these long timescales, local tendencies of the atmospheric mass associated with circulation changes Q. J. R. Meteorol. Soc. 133: 673–680 (2007) DOI: 10.1002/qj
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Figure 2. Vertically-averaged meridional mass fluxes as a function of time and latitude. The fluxes are computed from daily data from which variability at timescales below four years has been removed using a fast-Fourier-transform filter. Solid and dotted contours indicate positive and negative values, respectively. The unit is 1015 kg day−1 and the contour interval is 0.3.
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Figure 3. Divergences (meridional gradients) of the fluxes in Figure 2. A running-mean filter spanning 5° of latitude has been applied. Solid and dotted contours indicate positive and negative values, respectively. The unit is 109 kg m−1 day−1 and the contour interval is 0.3. (Positive contours indicate divergence and negative contours indicate convergence.)



should be negligible, and water vapour is by far the most important atmospheric component that is systematically transported across latitudes (i.e. the second term on the left-hand side of Equation (1) should equal the right-hand side). Evaporation dominates over precipitation in the subtropics, whereas the opposite is true for the equatorial regions and in middle and high latitudes (Figure 4(c)); this should be clearly reflected in the mass-flux divergences (Figure 3). The corresponding meridional mass transports (Figure 2) are expected to be associated with water-vapour fluxes between these source and sink regions. It should be noted that the water cycle is not included in the continuity equation of the assimilating model in ERA-40. (The E − P term is equal to zero in Equation (1).) Given enough observational information for the assimilation procedure, however, the water cycle should be reflected in the analysed mass fluxes. Copyright  2007 Royal Meteorological Society
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Clearly, the patterns in Figures 2 and 3 are not dominated by the water budget, but show instead an unrealistic evolution. For instance, for most of the satellite era, following 1979, northward fluxes are prevalent in the Northern Hemisphere subtropics, whereas southward fluxes dominate in the Southern Hemisphere subtropics and in the mid-latitudes of the Northern Hemisphere. These fluxes are associated with a divergence at around 10 ° N and a convergence at around 35 ° N. If not balanced by long-term tendencies of the mass field, these divergence patterns must be a result of sources and sinks. However, the pattern with sinks at around 35 ° N and sources at around 10 ° N is almost opposite to what is expected from the water budget. In addition, the sources and sinks associated with the water budget are much smaller than those suggested by Figure 3: the water budget is associated with vertically-averaged zonal-mean fluxes of the order of 1013 kg day−1 (e.g. Peix´oto and Oort, 1983), which is an order of magnitude smaller than those suggested by Figure 2. Furthermore, accumulated 6-hour forecasts of E − P from ERA-40 (Figure 4(c)) indicate that the E − P field cannot explain the divergence pattern in Figure 3. Another example of the unrealistic inter-annual development of the mass-flux time series in Figure 2 is evident in the pre-satellite era (prior to 1973): a zonalmean southward flux of mass is encountered at practically all latitudes except those south of 60 ° S. For instance, the time mean of the flux across 30 ° S is around −0.5 × 1015 kg day−1 . Had this been real, the area north of 30 ° S would have been totally depleted of atmospheric mass during the period 1958–1973. The inter-annual behaviour of the mass fluxes in Figure 2 provides a hint about the incorporation of measurements from new observational systems in the assimilation process: major jumps are found in the time series around 1973 and 1979, coinciding with the deployment of new satellite systems. The mass-divergence pattern in ERA-40 presented here can also be estimated from the surface-pressure tendencies (using Equation (1), and neglecting the E − P terms). This derivation provides an independent estimate of the mass divergence. First-guess surface-pressure tendencies have not been archived in the ERA-40 dataset. However, forecast surface-pressure tendencies can be derived from surface pressure in forecasts and in the analysis (where the analysis is the initial state of the forecasts – see Equation (2)). These surface-pressure tendencies are valid at 3-hour-forecast time and so are not identical to those from the analysis state. Figure 4(a) shows zonal integrals of the mass-tendency term for the 3-hour forecast. The mass divergence calculated this way shows roughly the same pattern as in Figure 3, although the magnitudes are generally smaller and some local extrema, such as the maxima at 50 ° S around 1982 and 1990 in Figure 3, are not recognized. However, the pattern in Figure 4(a) supports the major message from the present study that there are inconsistencies in the mass budget in ERA-40. The systematic (and unphysical) Q. J. R. Meteorol. Soc. 133: 673–680 (2007) DOI: 10.1002/qj
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Figure 4. (a) Mass tendencies in the 3-hour forecast multiplied by −1. (b) The mass difference between the analysis and the model first guess. (c) Evaporation minus precipitation from the accumulated 6-hour forecast. All fields are zonal integrals and functions of time and latitude. They are derived from daily data, and variability faster than four years has been removed using a fast-Fourier-transform filter. A running-mean filter spanning 5° of latitude has been applied. Solid and dotted contours indicate positive and negative values, respectively. The unit is 109 kg m−1 day−1 ; the contour interval is 0.2 for (a) and (b) and 0.1 for (c).



tendencies of the surface pressure (Figure 4(a)) suggest that the model climatology differs from that of the real world. It is not surprising that there are differences between the two estimates (Figures 3 and 4(a)). First, the two estimates are not solely determined by the model, but Copyright  2007 Royal Meteorological Society



are affected by observations in the assimilation process. Even though the model first guess fulfils the requirement of mass continuity, the influence of observations on the analysis can disturb this balance. Secondly, the estimate in Figure 4(a) is not valid at the time of the analysis, but 3 hours later in the model world. Q. J. R. Meteorol. Soc. 133: 673–680 (2007) DOI: 10.1002/qj
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The incorrect mass fluxes in the ERA-40 data-set are associated with spurious winds, which, in turn, account for erroneous advection of other atmospheric quantities, such as energy and momentum. These fluxes – and
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especially their trends – should therefore be handled with care. There are methods to mass-correct such fluxes, and such an approach has been proposed by Trenberth (1991). Figures 5(a) and 5(b) show the monthly-mean
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Figure 5. (a) Mass flux across 60 ° N as it appears in the ERA-40 reanalysis (the unit is 1010 kg s−1 ). (b) Mass flux as in (a), but after a mass correction has been applied. (c) Atmospheric total energy transport across 60 ° N (in petawatts) as it appears in the ERA-40 reanalysis. (d) Energy transport as in (c), but after a mass correction has been applied. All quantities are zonal and vertical integrals based on monthly mean data from the period 1958–2001. Copyright  2007 Royal Meteorological Society
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development of the mass flux across 60 ° N as it appears in the ERA-40 data-set and when a mass correction following Trenberth (1991) has been applied. The correction seems to dampen the variability over all timescales. In particular, the variability on the inter-annual timescale, including an overall positive trend persisting from the late 1970s, is removed. Since evaporation and precipitation remain approximately constant in the long run, the corrected mass flux reflects the fact that the mean pressure on either side of 60 ° N is also constant on inter-annual timescales. The Arctic-Oscillation high-index state which prevailed through the first half of the 1990s is actually associated with an unusually small total mass content of the atmosphere north of 60 ° N. However, the corresponding mass fluxes across 60 ° N are of the order of 107 kg s−1 , which is several orders of magnitude less than the variability on intra-annual timescales shown by Figure 5(b). Corresponding uncorrected and corrected fluxes of total energy are shown in Figures 5(c) and 5(d), respectively. A definition of the total energy, and a description of the correction method, are given in (Graversen, 2006). The inter-annual development of the energy transport across 60 ° N as it appears in ERA-40 shows a clear signal of the spurious inter-annual mass fluxes, which could lead to erroneous conclusions concerning trends, for example, if the mass inconsistency is not taken into account. Why are the mass fluxes so wrong, when the total atmospheric mass shows such a realistic development, at least since 1979? We speculate that the unrealistic fluxes could be caused by discrepancies between the observations (the real climate) and the model climatology. Examinations of differences between analysis and the model first guess support this idea: Figure 4(b) shows zonal integrals of surface pressure for such differences; an appropriate scaling has been applied in order to obtain a unit equal to that used for Figures 3 and 4(a) and (c). Considerable systematic differences are encountered between the analysis and the first guess. The pattern can be interpreted as the amount of mass that is artificially put into the atmosphere as a consequence of the assimilation process. Figures 4(a) and 4(b) are almost identical: this simply indicates that the systematic modifications of the mass field performed by the model since the previous analysis time-step are reset by the assimilation procedure at the next analysis time-step. The observations ensure that the analysed pressure field is almost constant in time: this must be true over inter-annual timescales. Figure 6 should clarify these thoughts concerning the assimilation procedure. In this example it is assumed that the analysed surface pressure in a certain area is larger than that of the model’s surface-pressure climatology. As a result, the model will produce a first guess for the next assimilation time-step that is too low, since it tends towards the model climatology. The lowering of the pressure by the model will be associated with mass fluxes out of the area. The observations will result in an analysed estimate of the surface pressure that is close to the higher, observed value. The analysed mass fluxes, on the other Copyright  2007 Royal Meteorological Society
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Figure 6. A schematic illustration of the assimilation process for surface pressure in a given area, for a sequence of analysis time-steps. The assumption is that the surface-pressure observations systematically deviate from the model climatology. Stars, diamonds and squares indicate observations, analyses, and model first guesses, respectively. The dotted line represents the model climatology.



hand, would be close to those derived from the model. Wind observations could contribute towards a realistic adjustment of the fluxes; but wind observations are less accurate and less numerous than observations of surface pressure, so they affect the analysis less than the surfacepressure observations. In particular, the zonally-averaged meridional wind is essentially unobserved; in addition, it is purely ageostrophic. Given the inaccuracy of the wind observations, this component of the wind field has a large relative error: typically the wind-observation error is around 2 m s−1 . Given a mean wind speed of around 20 m s−1 and the fact that the ageostrophic component is less than 10% of the total wind speed, the ageostrophicwind error is therefore around 100%. Thus the reanalysis may show a realistic development of the pressure field even though unrealistically large mass fluxes are present. It should also be noted that in present-days models, the numerical schemes for the continuity equation in the dynamical core are not locally mass-conservative, since such schemes have been found computationally too expensive. However, less expensive schemes have recently been proposed, for example by Lin (2004) and Lauritzen et al. (2006).



3.



Conclusions



The present study demonstrates that even though the ERA-40 global atmospheric total mass shows a realistic development, at least since 1979, spurious mass fluxes add up to considerable errors when zonally and vertically integrated quantities are considered. If they are not corrected for, these errors yield unrealistic inter-annual developments of fluxes of atmospheric quantities such as energy. In the model-integration part of the assimilation process, an unrealistic mass-divergence pattern develops (Figure 4(a)); this is an order of magnitude larger than the difference between evaporation and precipitation (Figure 4(c)). In the analysis step, the first-guess mass divergence is almost cancelled (compare Figures 4(a) and 4(b)), so that the total mass field in the reanalysis has small and Q. J. R. Meteorol. Soc. 133: 673–680 (2007) DOI: 10.1002/qj
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realistic inter-annual variability (Figure 1). The unrealistic mass tendencies in the model are associated with spurious meridional mass fluxes that are not corrected for during the analysis procedure. This is probably because not much observational information about the meridional wind field is available. The model’s mass tendencies are presumably a result of the difference between the climatology of the model and the real world. In climate model simulations, massflux errors similar to those presented here are not to be expected, since in such simulations the models are left with their own climatology and not forced by observations in an assimilation process. However, when mass-flux correction procedures are applied, or numerical schemes including mass-fixers (Rasch et al., 1995) are used, it is conceivable that erroneous fluxes as discussed here could be found. Cai and Kalnay (2005) have concluded that the interannual evolution of the real climate can be captured well by a reanalysis if short analysis time-steps are used and if enough weight is given to observations in the assimilating process. This holds true even though the model climatology differs from the real climate’s inter-annual evolution. We find here that for important variables such as the meridional wind field, these criteria are not met; this partly explains the unrealistic interannual development of meridional mass fluxes and the associated fluxes of energy, momentum, humidity, ozone, etc. Cai and Kalnay (2005) did not address another difficult issue that arises when using reanalysis data for climate-change research: spurious trends are encountered in the reanalysis data as a consequence of changes in the observational systems. Acknowledgement The authors would like to thank Professor Peter Lundberg for very useful discussions. Thanks are also given to two anonymous reviewers, who have been a great help in improving the paper. The ERA-40 data is kindly provided by ECMWF from their data server.



A. Appendix: Numerical methods Mass transports are calculated within the ERA-40 framework from variables at model levels using the following relations: 60 
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p i+ 2 ,k − p i− 2 ,k EMFk = , ui,k g i=1 p i+ 2 ,k − p i− 2 ,k N MFk = vi,k , g i=1 where i and k are indices for model levels and horizontal spatial points, respectively. EMF is the eastward and N MF the northward mass flux. Pressure values are represented at model half-levels. Copyright  2007 Royal Meteorological Society



Figure 2 presents zonal integrals of the northward mass flux, which are zonal means multiplied by 2πr cos(φj ) (60 × 60 × 24), where j is the latitude index. The product in the last parentheses changes the unit from kg s−1 to kg day−1 . The divergence field in Figure 3 is estimated from averages of adjacent points: Div [N MFj ] =



[N MFj +1 ] + [N MFj −1 ] , y



where [ ] indicates the zonal integral and y is the distance between the latitudes φj +1 and φj −1 . The 3-hour mass tendencies (∂M/∂t)3 in Figure 4(a) are determined from analysed and forecast values of the logarithm of surface pressure using the formula   ∂M (log ps )6 − (log ps )0 , (2) = (ps )3 ∂t 3 gt where the subscripts 0, 3 and 6 indicate analysis, 3-hour forecast and 6-hour forecast, respectively, t equals 6 hours, and the quantities are functions of latitude and longitude. Figure 4(a) shows zonal integrals of (∂M/∂t)3 multiplied by −1. The E − P field in Figure 4(c) is estimated from accumulated 6-hour forecasts from four reanalysis products: large-scale precipitation, large-scale snowfall, convective precipitation, and evaporation. We have neglected two other products which are components of the E − P field: convective snowfall and snow evaporation. These quantities are at least one order of magnitude less than the first four. The pattern in Figure 4(b) is derived from analysis minus first guess of surface pressure. Figure 4(b) shows zonal means multiplied by 2πr cos(φj )g −1 × 4. The factor 4 changes the unit from kg (6 hour)−1 m−1 to kg day−1 m−1 , taking into account that the analysis time-step is 6 hours.



B. Appendix: List of symbols E g p ps P r t u v u φ ∇



rate of evaporation gravity pressure surface pressure rate of precipitation Earth’s radius time zonal wind meridional wind (u, v) latitude   ∂ , ∂ ∂x ∂y
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