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1. Objectives

Accurate prediction of future climate is strongly dependent on the atmospheric processes parametrized in models. Evaluation and improvement of these simulated processes is limited by the paucity of measurements of atmospheric conditions. Reanalysis products can potentially bridge this gap by providing a means of enhancing the existing network of observations through a self-consistent data assimilation system. The primary goal of this work package is to ensure that we can use ERA-40 to build on previous studies using ERA-15 by identifying strengths and weaknesses of the present reanalysis and to identify appropriate methodologies for exploiting ERA-40 data to improve our ability to simulate and predict climate change. This is achieved by careful comparisons of the radiation budget simulated by preliminary versions of the assimilation system with simulations from the Hadley Centre atmospheric model (HadAM3/4; Pope at al. 2000), the ERA-15 climate and the observational record. Specific objectives of this work package are as follows:

1. To consider whether using the clear-sky radiation diagnostics produced in ERA-40 is more beneficial than re-calculating these fluxes from temperature and humidity fields, as was undertaken with ERA-15 (Slingo et al. 1998).

2. Are systematic errors identified in ERA-15 that impact the clear-sky greenhouse effect (e.g. Slingo et al. 1998, Trenberth et al. 2001, Allan et al. 2001)  present in ERA-40?

3. Assessment of the all-sky radiation budget diagnostics and their determinant parameters in ERA-40 and gauging their suitability for use in the evaluation of climate simulations.

4. To identify the strengths of ERA-40 and to consider how these may best be exploited to improve the accuracy of our climate simulations. 

 2. Methodology and scientific achievements
Evaluation of ERA-40 has focussed on the ability to represent adequately the atmospheric radiation budget and the associated cloud and moisture fields. In doing so, we can assess the quality of the reanalysis and its suitability for improving our understanding of atmospheric radiative feedbacks. Simulations of the clear-sky greenhouse effect were conducted by Slingo et al. (1998), using temperature and humidity fields from ERA-15 as input to the Edwards and Slingo (1996) radiation scheme (CLERA). Firstly it was established that developmental versions of ERA-40 which assimilated only conventional data (experiments 112, 147 for July 1987) approached the accuracy attained by CLERA. To avoid the expense of re-computing fluxes, as in the CLERA project, it was next shown that clear-sky radiation diagnostics calculated within the ERA-40 system are of sufficient quality. Using results from a preliminary ERA-40 experiment (237) there was no evidence of significant inconsistencies between the radiation scheme used within ERA-40 (RRTM) and the Edwards and Slingo code. However, differences were evident over desert regions due to differing specification of surface emissivity, in tropical stratospheric cooling due to different ozone climatologies and in the near-surface cooling relating to the interpolation of near-surface air temperature.

ERA-15 was used extensively to improve our understanding of the clear-sky greenhouse effect (e.g. Allan et al., 1999) and water vapour feedback (Slingo et al. 2000). Building on such studies requires that the present reanalysis provide superior quality of the clear-sky longwave radiation budget compared to ERA-15. In particular, are some of the systematic biases present in ERA-15 (e.g. Trenberth et al. 2001) reduced in ERA-40? A further question is, can we extend our use of the present reanalysis beyond clear-sky longwave fluxes to the entire radiation budget? If this were possible, a more complete analysis of climate models can be undertaken, including the evaluation of cloud feedback. To address these questions, results from the pre ERA-40 experiment 237 and more final versions of the assimilation system (12, 206 and 17) were compared with BSRN surface measurements and satellite observations of column water (SSM/I, NVAP), radiation budget (ERBE) and cloud amount (ISCCP) and with versions of the Hadley Centre climate model.

Comparisons of the clear-sky radiation budget indicate a reasonable simulation by ERA-40. The main differences compared to ERBE are: under-estimated albedo over high latitude land (related to snow cover) and the Sahara, over-estimated albedo over the tropical ocean and too much clear-sky outgoing longwave radiation (OLR) over high latitude land regions. However, it is not obvious that these biases are caused by problems with ERA-40 and rather may be artefacts of the ERBE data, which are prone to cloud contamination and inconsistent clear-sky sampling of fluxes relative to ERA-40 and models. For example, negative biases in the tropics are related to the satellite sampling of relatively dry clear-sky regions. While the clear-sky OLR overestimation over high latitude land is in part due to temperature errors, it is also likely that cloud contamination of ERBE clear-sky OLR over land is a problem and will contribute to the positive bias in these regions.

Consistent with the reasonable depiction of the clear-sky OLR, column water vapour from ERA-40 (experiments 237, 17, 206) shows good agreement with oceanic SSM/I values. There is a tendency for ERA-40 to underestimate tropical values and overestimate mid-latitude values but this result is not reproduced when comparing with NVAP data. ERA-40 appears to out-perform the versions of the Hadley Centre model near the equator, which display a well-known dry-bias, primarily residing over the tropical warm pool. It is yet to be seen whether the erroneous temporal variability in atmospheric temperature and humidity (e.g. Trenberth et al. 2001, Allan et al. 2001), and therefore the clear-sky radiation budget in ERA-15, is also present in ERA-40.

Daily variability of surface fluxes, temperatures and humidity measured at BSRN sites in Japan, France, Brazil and Latvia during April 1999 were reasonably well represented by the preliminary ERA-40 experiment 237, most especially the variability associated with mid-latitude weather systems.

The all-sky radiation budget simulated by ERA-40 shows some interesting differences to ERBE and versions of the climate model. OLR is significantly greater (of order 10 Wm-2) compared to ERBE observations and the climate model over much of the globe. The tropics reflect about 20 Wm-2 too much shortwave radiation compared to ERBE and the models. This may be due to an overestimation in cloud liquid water based on comparisons with SSM/I.  Further analysis suggests that tropical convective cloud is too reflective and free-ocean subsidence regions contain too much low-altitude cloud. Conversely, the amount of stratocumulus cloud is too low and mid-latitude cloud is not reflective enough. Whilst cloud amount is less than ISCCP observations in the sub-tropics, the ERA-40 cloud amount is generally closer to the observations than the climate model. Rather, the poor comparison of the all-sky radiation budget with ERBE is more related to cloud properties. The biases in ERA-15 are similar to those encountered for ERA-40.

To check whether any of these biases are related to the spin-up/down of the hydrological cycle, the tendencies for the fluxes, column water vapour and cloud amount relative to the t+6 forecast lead-time were examined. Generally, spin-up/down is small and often of the wrong sign to bring the ERA-40 variables in closer agreement with the observations. Given that larger forecast lead times will increasingly be determined by the model rather than the assimilated observations there seems no advantage in using products other than for the t+6 lead time. Further, the all-sky radiation budget and cloud properties are deemed not of sufficient quality for use in evaluation of climate models at present. Whilst this will restrict the use of the reanalysis in improving depiction of cloud-climate feedback, there is still sufficient utility in ERA-40 to provide information relevant to this process.

We have investigated the methodology of combining the ERA-40 dynamical fields with the satellite measurements of the radiation budget. We first combined the ERBE OLR with the ERA-40 500 hPa vertical velocity and compared with the corresponding quantities in HadAM3. The observed OLR shows excellent correspondence with the ERA-40 vertical velocity. Because the radiation budget is so strongly linked with the dynamical fields, the combination of ERBE fluxes with ERA-40 dynamical parameters provides an important means of evaluating the corresponding model fields.

3. Discussion and Conclusion
Based on comparison of ERA-40 with observations the quality of the reanalysis is good when considering the dynamical fields and the clear-sky radiation budget and its determinant parameters. However, use of the all-sky radiation budget in model evaluation and feedback analysis is inadequate due to erroneous properties of tropical deep convective cloud and the occurrence of low level cloud. Using longer forecast lead times does not appear to improve the discrepancies.

4. Plan and objectives for the next period
The comparisons of the production version of ERA-40 with observations and the Hadley Centre climate model are to continue, thus improving our understanding of the strengths and weaknesses of the reanalysis data. Evaluation of interannual variability in temperature and moisture will be undertaken to assess whether the artefacts displayed by ERA-15 have been removed. Further exploratory studies will make use of the dynamical parameters given by ERA-40 and radiation observations to evaluate clear-sky and cloud feedback in the climate model.
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