Evaluation of regional climate model simulations with HOAPS satellite data

1. Introduction

All available ERA-40 and GCM driven RCM simulations created by ENSEMBLES partners in a horizontal resolution of 25 km have been compared to HOAPS data (Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data), a satellite-derived climatology over the ocean compiled by the Meteorological Institute of the University of Hamburg and the Max-Planck-Institute for Meteorology in Hamburg (further information on http://www.hoaps.zmaw.de). 

Vertically integrated total (liquid + frozen) water content, vertically integrated water vapour, precipitation, net longwave radiation, sensible and latent heat fluxes have been compared as climatological monthly and seasonal means averaged over 1991-2000 for European sea areas. All ERA-40 driven simulations available at the time of the evaluation are considered here: CNRM, DMI, Met Éireann, HC, ICTP, KNMI, METNO, MPI, SMHI, UCLM, ETHZ and OURANOS. In addition all GCM driven simulations are considered: CNRM with ARPEGE boundaries, Met Éireann with ECHAM5 boundaries, Met Éireann with HadCM3 high sensitivity boundaries, KNMI with ECHAM5 boundaries, MPI with ECHAM5 boundaries, METNO with BCM boundaries, ETHZ with HadCM3 unperturbed physics boundaries, OURANOS with CGCM3 boundaries and UCLM with HadCM3 high sensitivity boundaries. The ERA-40 driven simulations are strongly tied to observations at the lateral boundaries and at the sea surface while the GCM driven simulations are not tied to observations at all. Therefore the RCM simulations driven by ERA-40 data are in the same mode of large-scale decadal variability, for example in the same mode of the North Atlantic Oscillation (NAO) as the HOAPS data. This means that it is sufficient to consider the decade of 1991-2000 in the comparison with the HOAPS data of the same decade. However, the situation is different for the GCM driven simulations. Here it is necessary to investigate the decadal variability to estimate if differences between the HOAPS data and RCM simulations can be seen in all decades similarly or if the decadal variability is larger than the differences. In the latter case it could not be concluded that the considered simulation shows deviations from the HOAPS data. Therefore for the GCM driven simulations the 4 decades between 1961 and 2000 have been investigated.

It should be noted that not all parameters are available for all models: Vertically integrated total water content is missing for HC, ICTP, MPI and SMHI; vertically integrated water vapour for HC and ICTP and latent heat flux for ICTP.

In general, there is no single best model. Models have strengths and weaknesses for different parameters in different regions and seasons. Some interesting results are summarised in the following six sections.

2. Vertically integrated total water content

For the vertically integrated liquid and ice water the model simulations do not agree well with the satellite data.

The best results are achieved in winter. In this season all simulations but the ones of Met Éireann and UCLM underestimate the total water content northwest of Ireland. The Met Éireann results show the maximum of water a little further south, while the UCLM model (both driven by ERA-40 and by HadCM3 high sensitivity boundaries) displays much too high liquid and ice water content in the northern European sea territories over all seasons (Figure 2.1). East of Iceland for example the total water content is overestimated by more than 100%. This can not be explained by decadal variability as the total water content averaged over the 30 winter months per decade generally varies by less than 10% from decade to decade. The Mediterranean is simulated better, but a little too dry in most simulations.
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                                                                                                                             Figure 2.1

In spring the picture changes. Here most climate models overestimate the water content in most European water areas. Especially the northwestern regions of the simulation area are affected by that. Good examples are CNRM (both driven by ERA-40 and ARPEGE) and METNO driven by ERA-40 which simulate the pattern very well apart from overestimations in small areas south of Greenland and south of Iceland (CNRM) or over the Mediterranean (METNO). METNO driven by BCM simulates too much water content over southern European and too little over northern European sea areas.
In summer the general overestimation of liquid and ice content gets even more glaring. Over the Northern North Atlantic and the Norwegian Sea the water content is far too high in all model outputs except METNO driven by BCM which shows a very good agreement with the HOAPS data (Figure 2.2). In contrast to that all simulations but the one by DMI show a too dry eastern Mediterranean (not METNO driven by BCM) and a too dry area west of Spain. All these described biases are very robust as there is very little decadal variability in summer (differences in the total water content between the different decades are clearly less than 10%).
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                                                                                                                             Figure 2.2

In autumn the simulations are giving slightly better results. All model outputs except METNO driven by BCM share the underestimation of liquid and ice water in the Mediterranean and the overestimation in the Norwegian Sea. Here the simulations of Met Éireann and UCLM still differ strongly from the HOAPS data and display all the northern European water territories with far too much water content. In contrast, METNO driven by BCM shows too little liquid and ice water content in Northern European sea areas, especially north of 60 °N (underestimation of up to 30%), while the Mediterranean region is well simulated. It should be noted that METNO driven by BCM simulates slightly more liquid and ice water in the other 3 decades (1961-1990) in Northern European sea areas, but the difference to the HOAPS data is still pronounced.
The satellite data show that there is higher water content in winter than in summer. Apart from the simulations by UCLM, METNO and KNMI with ERA40 boundaries all models show a reversed annual cycle and have the maximum of water content in summer (see Figure 2.3). Both OURANOS simulations (driven by CGCM3 and by ERA40) have not been mentioned in this section so far as they show a very bad underestimation of a factor of up to 3 all over the year.
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Figure 2.3
3. Vertically integrated water vapour

All simulations for the water vapour apart from METNO driven by BCM and OURANOS driven by CGCM3 show more accuracy in winter than in summer. 

In winter they produce a close image to the HOAPS data, the only differences being in the area west of the Iberian Peninsula and in the south Barents Sea. West of the Iberian Peninsula there is a general winter maximum of water vapour, which compared to the satellite data is too pronounced in all climate models. In contrast the water vapour in the area west of North Cape is clearly underestimated in all the simulations but UCLM and OURANOS driven by ERA-40. METNO driven by BCM produces too little water vapour in northern European sea areas with pronounced differences of about 30% north of 60 to 65 °N. OURANOS driven by CGCM3 shows a clear underestimation of water vapour in all areas, again most pronounced and of about 30% north of 60 to 65 °N. Since OURANOS driven by ERA-40 does not show this underestimation it can be concluded that it is due to the boundary data in the CGCM3 driven simulation.
In spring many models start overestimating the water vapour in the southwestern sea areas of Europe. The most extreme result is given by the DMI model (Figure 3.1). All model outputs except METNO driven by BCM and OURANOS driven by CGCM3 estimate the vapour as too high south of Ireland and Great Britain. 
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       Figure 3.1

The best simulation is given by ETHZ driven by HadCM3 while OURANOS CGCM3 strongly underestimates the water vapour as happens in winter.

In summer all models but METNO with BCM boundaries and OURANOS with CGCM3 boundaries show too much water vapour all over the Atlantic Ocean. METNO with BCM boundaries simulates the water vapour very well in all sea areas (Figure 3.2) while OURANOS with CGCM3 boundaries underestimates it, but not as badly as in the other seasons. Over the Atlantic Ocean all simulations except METNO with BCM and OURANOS with CGCM3 boundaries closely resemble each other and to a lesser extent the satellite data. The most obvious overestimation of water vapour can be seen in the Bay of Biscay. Also over the Mediterranean Sea the climate models tend to overestimate the water vapour in summer. Exceptions are the METNO simulation with BCM boundaries (very good agreement) and the simulations of MPI (especially with ECHAM5 boundaries) and Met Éireann with ECHAM5 boundaries, which rather show too little water vapour over the east of the Mediterranean Sea.
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       Figure 3.2
This is similar in autumn. All models but METNO with BCM boundaries, OURANOS with CGCM3 boundaries and DMI show too high water vapour over all the Atlantic. METNO with BCM boundaries shows slightly underestimated values over the Northern North Atlantic while DMI shows good results for the Northern North Atlantic, but underestimates the vapour in the Mediterranean and west of Gibraltar. OURANOS with CGCM3 boundaries underestimates the water vapour in all sea areas.
According to the HOAPS data, the maximum amount of water vapour could be recorded in August and September, with a shift of this maximum from the western Mediterranean to the Libyan Coast. Most simulations do not show this shift, but only have a maximum at the southeast coast of the Iberian Peninsula. Exceptions are the models of Met Éireann (with ERA40 boundaries), SMHI, KNMI and METNO, with the METNO model underestimating the water vapour over the entire Mediterranean and the KNMI model with ERA40 boundaries showing far too much water vapour. However, KNMI with ECHAM5 boundaries does not show this shift in the three decades from 1961-1990. Figure 3.3 shows the SMHI model compared to the HOAPS data as an example.
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Figure 3.3
4. Precipitation

For precipitation all the models but UCLM with ERA-40 boundaries show more similarities in summer, while in winter the differences to the HOAPS data are more obvious and extreme. Over most European sea areas and for most seasons there is a tendency to overestimation of precipitation.

In winter it is the area southwest and west of Iceland, where some models show clearly too much rainfall. One of the most extreme examples is the CNRM-model with ERA40 boundaries (see Figure 4.1)

[image: image29.png]CNRM
ERA40 boundaries
Average precipitation [mm /day]

1 4

1991—-2000

Winter



[image: image30.png]MPI
ERA40 boundaries
Average precipitation [mm /day]

1 2 3 4 5

Autumn 1991-2000





                                                                                                                                              Figure 4.1 

In contrast, in METNO with BCM boundaries the precipitation maximum southwest of Iceland is missing completely, consistent with a missing liquid water content maximum in this region, possibly because of the BCM boundary values (Figure 4.2). METNO with ERA-40 boundaries does show the maximum but slightly underpredicts it. Also ETHZ with Hadley Centre boundaries does not show the rainfall maximum southwest of Iceland while ETHZ with ERA-40 boundaries does show it. OURANOS with CGCM3 boundaries shows an underprediction of up to 50% over some northern European sea areas and an overprediction over the Mediterranean as well as over the Black Sea; differences which are clearly beyond the decadal variability.
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                                                                                                                                              Figure 4.2 
The region southwest of Iceland is also the wettest area in spring, but the contrast to the satellite data becomes less salient in the simulations having the problem of overpredicting the maximum in winter, a trend that continues to the summer.

Observing the annual cycle in the HOAPS data the maximum of the precipitation southwest of Iceland occurs in February. Apart from the simulations of CNRM (only with ERA-40 boundaries), METNO and MPI this maximum is missing in all the model output.

In summer all simulations slightly overestimate the precipitation. An exception is ETHZ driven by Hadley Centre boundaries. Most model outputs look very similar, especially when they have the same boundary models. In autumn the differences between models and observation become more apparent again. The whole sea area north of 45° North, in some simulations also the Mediterranean, is simulated too wet.
In general all models show much more rain with the ECHAM5 boundaries than with the ERA40 boundaries (see example Figure 4.3), while the ARPEGE boundaries of CNRM result in less precipitation than the ERA40 boundaries. The Met Éireann and UCLM simulations with ERA40 and Hadley Center High Sensivity boundaries produce very similar results when it comes to precipitation. Consistent with the underpredicted total water and water vapour contents in the BCM driven METNO simulation in northern European sea areas the rainfall amounts are smaller than in the ERA-40 driven METNO simulation in those areas. This holds also for the CGCM3 driven OURANOS simulation.
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Figure 4.3
Another apparent deviation can be noticed at the northern edge of the model area, from North Cape to Iceland. In summer all the simulations clearly overestimate the precipitation in these European sea areas, while in winter the opposite occurs. With the exceptions of the models of CNRM (only with ERA40 boundaries), MPI and METNO, the rain in this area is underestimated. The simulations of CNRM (only with ERA40 boundaries) and MPI (only with ECHAM5 boundaries) even show too much precipitation.
5. Net longwave radiation

The net longwave radiation is in general simulated too little negative (upward) in all models all over the year. An extreme example is UCLM both driven by ERA-40 and HadCM3 boundaries. In most model outputs the annual cycle is captured well, but the simulation of ICTP shows very little variation over the year. Its output of all seasons resembles most the satellite data of the summer. 

In summer the most deviating models are the ones of Met Éireann and UCLM, which all show a much too little negative net longwave radiation in the waters around Iceland to different extent (see Figure 5.1). The decadal variability is very small; therefore the described differences are genuine.
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In autumn again the models of UCLM and Met Éireann (with Hadley Center High sensitivity boundaries), and in this case also ICTP (Figure 5.2), show the strongest underestimation as compared to the HOAPS data. OURANOS driven by CGCM3 shows an excellent agreement.
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                                                                                                                             Figure 5.2
In winter it is only the simulations of ICTP and UCLM (especially with ERA-40 boundaries) that show the extreme deviation in the northeast Atlantic, which are also the models with the smallest variation over the year. The simulation closest to the satellite data is the OURANOS simulation with CGCM3 boundaries (see Figure 5.3). However, it should be noted that error canceling could take place here as OURANOS driven by ERA-40 does show a stronger bias towards too little upward radiation. The underprediction of water vapour which only occurs in the CGCM3 driven simulation could be responsible for this. In spring it is pretty much the same picture as in winter. 
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6. Sensible heat flux

Concerning the sensible heat flux the model outputs agree rather well with the satellite data. This is especially true for the summer in which sensible heat fluxes are close to 0 in both the satellite and the model data. Apart from displaying some parts of the Atlantic slightly negative (upward) instead of slightly positive, the only region that shows noticeable deviations is the eastern Mediterranean, where the negative sensible heat flux is too low or even slightly positive as in the KNMI and ETHZ and to some extent also in the Met Eireann, CNRM and MPI simulations. The decadal variability is very small and differences to the HOAPS data generally larger (Figure 6.1).
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                                                                                                                             Figure 6.1
In autumn almost every model shows too negative fluxes. Exceptions are the simulations of CNRM (with ERA40 boundaries), Met Éireann (all sets of boundaries) and SMHI. The first one shows too negative values north of Iceland and Northern Norway while over the North Sea and Norwegian Sea values are too little negative or even slightly positive. The Met Éireann simulations with ECHAM5 and Hadley High Sensitivity boundaries underestimate the negative sensible heat flux west of Iceland and Ireland.

In winter distinctions are more obvious. Most simulations show a too strong North-South gradient in the Atlantic Ocean (Figure 6.2). The Northern areas, especially around the North Cape, are too negative, and the sensible heat flux will change to less negative values towards the south. However, OURANOS with CGCM3 boundaries, UCLM with HadCM3 high sensitivity boundaries and the ETHZ simulations also show too negative values over the Mediterranean. The simulations that are most similar to the HOAPS data are the ones by OURANOS driven by ERA-40, SMHI and Met Éireann (with ERA-40 boundaries).

During winter the satellite data show a local maximum of sensible heat flux east of Iceland. This maximum was simulated rather well by all models driven by ERA-40 and to some extent also by the models driven by ECHAM5, even though values in this area are generally too negative (Figure 6.2).
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                                                                                                                             Figure 6.2
In spring the model results agree a little better with the HOAPS data. The too strong gradient is still obvious in the CNRM simulations. Also all simulations but the ones by UCLM, ICTP, METNO and OURANOS show too little negative values over the Eastern Mediterranean. The three models with ECHAM5 boundaries and to a lesser extent also METNO with BCM boundaries differ from the others by displaying the area west of Ireland too negative (see Figure 6.3).
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7. Latent heat flux

Generally there is a tendency to simulate the latent heat flux too negative (upward) in most European waters. An exception is the eastern Mediterranean, which is – similar to the sensible heat flux – displayed not negative enough in summer in all model outputs but the ones by DMI, METNO and Met Éireann (with ERA-40 boundaries). In general the summer is simulated rather well. Apart from the Mediterranean, the only area where almost all climate models differ from the satellite data in summer, is west of the Iberian Peninsula (it should be noted that not all model domains extend that far to the west). Only the ERA-40 driven simulation by UCLM and both OURANOS simulations do not show too negative values in this area (see Figure 7.1).
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                                                                                                                             Figure 7.1

In spring there are just slight differences between most model outputs and the satellite data with a tendency towards too negative (upward) fluxes, especially over the Mediterranean. The simulations by CNRM and all simulations run with ECHAM5 boundaries display the latent heat flux in the area west of Ireland much too negative – consistent with the sensible heat flux – and show a more negative latent heat flux in the Atlantic, but a less negative in the Mediterranean than the same models run with ERA40 boundaries (see Figure 7.2).
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                                                                                                                     Figure 7.2

In winter the HOAPS data show a local maximum east of Iceland. Apart from the simulations driven by HadCM3 all climate models simulate a maximum like that similar to the sensible heat flux, even when the area is simulated more negative than the satellite data like in the case of the Met Éireann simulation with ECHAM5 boundaries (see Figure 7.3). All model outputs but the ones by SMHI, UCLM, OURANOS and METNO with BCM boundaries show the area south of Iceland too negative, while most of the Mediterranean in winter is simulated too negative in all climate models (see example Figure 7.3).

[image: image43.png]Met Eireann
ECHAMS boundaries
Latent heat flux [W/m2]

50 —120 —100 —80 —-60 —40 —20 10 20

Winter 1 991 —QOOO
















          Figure 7.3

In autumn the Mediterranean and also parts of the North Atlantic are still displayed too negative in all model outputs but the ones by KNMI with ECHAM5 boundaries, MPI with ECHAM5 boundaries and OURANOS with ERA-40 boundaries (Figure 7.4). Also too negative is the heat flux in the Atlantic west of Ireland and Spain and the Norwegian Sea in every simulation but the Met Eireann simulation with Hadley High Sensitivity boundaries and OURANOS with ERA-40 boundaries.
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          Figure 7.4

Summary

All available 25 km RCM simulations (driven by ERA-40 and GCM data) have been evaluated against HOAPS satellite data over sea. This satellite data set provides a valuable source of data over otherwise data sparse areas and includes important parameters such as vertically integrated liquid plus ice water, vertically integrated water vapour, precipitation, longwave radiation as well as sensible and latent heat fluxes. 
The evaluation shows that there are large biases in the liquid plus ice water with a reverse annual cycle as compared to the HOAPS data in many of the simulations. Therefore also the precipitation shows large biases in some regions and some seasons. The other parameters generally show a better agreement. The decadal variability of the GCM driven simulations has also been investigated and has been found to be generally small compared to the deviations to the HOAPS data. In most cases the differences in the values between the decades are less than 10%. Exemptions can be mainly found in areas where fluxes are close to 0.
There is no model which is either the best or the worst as the quality of the results is different for different parameters, seasons and regions. Even with GCM boundary data biases are not necessarily larger than with ERA-40 boundary data which could have been expected. The reason here could be error canceling.
