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1. Introduction

This report summarises recent work on tropical cloudiness and its variability performed under Annex 7 of the DEFRA contract. The particular focus is on the use of Earth Observation (EO) data to evaluate climate model simulations of cloud and its radiative effects.

In Section 2 a methodology is described which enables climate model simulations of cloud and the radiation budget to be evaluated in terms of dynamical regime using a combination EO data and forecast model reanalyses. The method is applied to two versions of the Hadley Centre climate model and is shown to be extremely useful for identifying model deficiences and for comparing different versions of the model. Section 3 describes the application of similar techniques to study the cloud changes during the 1998 ENSO event. Section 4 describes long-term variations of tropical cloudiness deduced from satellite data and their representation in the climate model.

2. Evaluating climate model simulations of tropical cloudiness as a function of dynamical regime

Previous work (e.g. Fu et al. 1994; Lau et al. 1997; Bony et al. 1997) has demonstrated that separating the influence of local SST and the large-scale circulation offers a useful framework for studying tropical oceanic cloud and its influence on the top-of-atmosphere radiation budget. We have developed an extension of these methods which we apply to both observations and climate model simulations. This allows us to assess the model’s performance in terms of ‘dynamical regime’ (see below for definition) and provides a technique for evaluating the model’s physical parametrizations which is complimentary to the more usual ‘geographical’ type of assessment.

2.1  Definition of dynamical regimes

Following Bony et al. (1997) we use the vertical velocity at 500 hPa (ω500) to describe the large-scale vertical motion associated with the large-scale tropical circulation. Other choices are, of course, possible and will be investigated in future studies. Lau et al. (1997), for example, used the 200 hPa wind divergence. In what follows we will examine the relationships between clouds and their radiative effects as a function of dynamical regime defined in terms of SST and 500 hPa vertical motion. Clearly these relationships will be influenced by those between SST and vertical motion, i.e. SST and ω500 cannot be said to be truly independent variables. However, as we shall see, this approach provides a useful framework both for comparing the climate model with observations and for assessing the performance of model parametrizations.

Figure 1 shows the mean 500 hPa vertical motion fields from the ECMWF reanalyses  (ERA)  and two versions of the Hadley Centre climate model, HadAM3 (Pope et al. 2000) and HadAM4 (Webb et al. 2001) for the period from January 1985 – December 1989. The ERA ω500 field has been overlain with the observed mean SST distribution. Fig. 1a illustrates many of the well-known features of the mean tropical circulation; for example, the strongest ascent is associated with SSTs in excess of 27°C and strong descent occurs off the west coasts of continents over areas of cool SST. The mean ω500 fields for HadAM3 and HadAM4 (Figs. 1b and c) both show a close correspondence with that derived from ERA. As the model has been forced with the observed SST distribution in both cases we infer that there is a similarly close correspondence with the relationships between SST and vertical motion. This being the case, we can ascribe differences between the modelled and observed cloud and radiation budget primarily to deficiencies in the model’s physical parametrizations and differences between the different versions of the model to changes in these parametrizations. 

In this study we are concerned less with the precise geographical distribution of cloud at any particular instant than with the relationship of cloud to the prevailing dynamical regime. By defining the dynamical regime in terms of SST and 500 hPa vertical motion we hope to be able to explore the relationship between cloud, the local surface forcing and the large-scale circulation and to use this information to identify deficiencies in our model and subsequently improve the model’s physical parametrizations. Using monthly mean data for the period January 1985 – December 1989 each tropical (i.e. from 30°N to 30°S) oceanic grid box is classified according SST and ω500 in intervals of 1°C and 20 hPa day-1 respectively. Cloud and radiation budget parameters are averaged for all tropical ocean points falling within each ω500–SST category and the results displayed as a 2-D plot in the ω500–SST plane. Figure 2 shows the number of points (as a percentage of the total) within each ω500–SST bin using both ERA and NCEP vertical velocity and observed SST and for HadAM3 and HadAM4. As with the mean vertical motion fields we can see a close correspondence between the observations and the two versions of the model, which again gives us confidence that our analysis method is reasonable. Note that NCEP does not appear to produce the very strong ascent over high SSTs seen in the ERA reanalyses (and which is reproduced by both versions of the model). This implies that it is preferable to use ERA vertical motion fields for our model comparisons. The shape of these distributions (i.e. the portion of the ω500–SST plane which is occupied) reflects the general relationship between SST and vertical motion in that higher SSTs are associated with increased ascent, lower SSTs with stronger descent, as seen in Fig. 1.

 Assessment of cloud radiative effects in HadAM3 and HadAM4

Figure 3 shows ω500–SST plots of the difference between the all-sky and clear-sky albedo (‘cloud albedo perturbation’, Δα) and of longwave cloud forcing (CLW). 
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A comparison is shown between observations (using a combination of ERBE data, ERA vertical motion and observed SST) and HadAM3 and HadAM4 simulations forced with observed SSTs. Consider the observations first (Figs. 3a and b). The highest values of Δα are found over almost the whole range of SSTs in areas of both moderate and strong ascent. The lowest values are found over warm SSTs but over areas of descent. Over descent regions Δα tends to increase with decreasing SST so that high values are found over the coolest SSTs in the areas of strongest descent. Regarding the longwave cloud forcing, the highest values are confined to regions of ascent over warm SSTs (> 25°C), with CLW generally increasing with both SST and ascent in these areas. Elsewhere, CLW is considerably weaker and generally increases with increasing ascent for all values of SST. These patterns correspond to well-known features of the tropical cloud distribution over the oceans; the high values of both Δα and CLW over warm SSTs/strong ascent, for example, are associated with high, bright cloud arising in areas of deep convection, while the high values of Δα over cool SSTs/strong descent correspond to areas of low-level marine stratocumulus cloud.

The HadAM3 simulation (Figs. 3c and d)  shows some obvious differences with the observations. There is a clear tendency for Δα to decrease with increasing SST in regions of ascent (this is only weakly apparent in the observations) and the values are higher than ERBE in areas of strongest ascent and lower than ERBE in areas of strongest descent over cool SSTs. The relationship of CLW to ω500–SST regime is generally well represented except perhaps for regions of ascent over warm SST where the dependence on SST is somewhat weaker than observed. The HadAM4 simulation (Figs. 3e and f) shows improvements in both parameters over ascent/warm SST regions. However, both Δα and CLW now appear to be too strong in these areas and there is a slight tendency for Δα to increase with SST. In common with HadAM3, the high values over cool SST/strong descent seen in the observations are not reproduced in the HadAM4 simulation.

To see how these radiative perturbations relate to the tropical cloudiness distribution we can analyse satellite and model cloud amount data in a similar manner. Figure 4 shows  ω500–SST plots of total cloud amount (with observations taken from ISCCP) and of the net cloud forcing, i.e.
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 represents the overall radiative impact of clouds at the top of the atmosphere. Consider the cloud amount first (Figs. 4a, c, and e). Note the close correspondence between the ISCCP cloud amount (Fig. 4a) and ERBE Δα (Fig. 3a)  distributions, illustrating the strong first-order dependence of the cloud albedo perturbation on the total cloud amount. Apart from areas of warm SST and strong ascent both versions of the model underestimate total cloud amount compared to ISCCP. In areas of cool SST and descent this underestimate of cloud corresponds to the understimate of Δα seen in both HadAM3 and HadAM4. In other areas, where cloud amount is underestimated but Δα is comparable to observed values, the implication is that the cloud properties are misrepresented in the model, making the cloud too bright. The comparisons between Figs. 3 and 4 are particularly interesting in areas of ascent over warm SSTs. There is clearly greater consistency between the cloud amount and both the Δα and CLW fields in HadAM4, even though the dependence of cloud amount on both SST and vertical motion is similar in both versions of the model. It is also worth noting that, although the cloud amount in these areas is similar in HadAM3 and HadAM4, both Δα and CLW are considerably stronger in HadAM4. The net cloud forcing plots (Figs. 4b, d, and f) show that, apart from areas of strongest descent over cool SSTs (where the values are comparable to observations), HadAM3 overestimates the cooling effect of clouds. This is also the case, in general, for HadAM4, where the excessive cooling in areas of strong ascent over the warmest SSTs is particularly noticeable. However, in contrast to HadAM3, the net cooling is weaker than observed over regions of cool SST and descent.

It can be seen from these comparisons that, in general, comparisons of  total cloud amount alone are inadequate to explain either the differences in the radiative effects of clouds between the climate model and observations or the differences between alternate versions of the model. It is necessary to consider the effects of different cloud types and this can be achieved through comparisons of ISCCP data, which classifies cloud types according cloud top pressure (CTP) and visible optical depth ((C), with corresponding diagnostics derived from the climate model (see Webb et al. 2001 for details). As an illustration of the use of these data,  Figure 5 shows ω500–SST plots of high cloud (CTP < 440 hPa) and high/thick cloud (CTP < 440 hPa, (C > 23) and again compares observations with HadAM3 and HadAM4. The distribution of high cloud amount as a function of regime (Figs. 5a, c and e) is well represented in both versions of the model, with cloud amount being overestimated in areas of strong ascent over the warmest SSTs in both cases. However, as was the case with total cloud amount, it can be seen that the high cloud distributions cannot explain differences in the cloud radiative effect distributions seen in Fig. 3. Now consider the distributions of high/thick cloud (Figs. 5b, d and f). Firstly, we note that both HadAM3 and HadAM4 overestimate this cloud type compared to ISCCP in areas of warm SST and strong ascent and that this helps to explain the overestimates of Δα and CLW in these regimes. It can also be seen that the decrease of Δα with increasing SST in HadAM3 (Fig. 3c) appears to be related to the decrease of high/thick cloud with SST in these areas. Further comparisons of high cloud of medium optical depth (3.6 < (C < 23) and high/thin cloud ((C < 3.6) shown in Fig. 6 also help to explain the cloud radiative effect distributions. For example, the excessive longwave cloud forcing in HadAM4 is also seen to be related to an overestimate of high/medium cloud and an underestimate of high/thin cloud. (Figs. 6e, f) over warm SST/strong ascent regimes.

2.2 Current and future work

It can be seen that analysing clouds and their radiative effects in terms of suitably defined dynamical regimes provides an extremely useful framework both for comparing climate model simulations with Earth Observation data and for assessing the performance of different versions of the model. The above examples serve to demonstrate the basic methodology. These techniques have recently been used to study the cloud changes during the 1998 El Niño event (see below) and have also been extended to assess climate model simulations of cloud feedbacks (Williams et al. 2002). The method is also currently being used to assess development versions of the new climate model, HadGEM. Future work will focus on the further development of such methods and their applications, e.g. extending the technique to study mid-latitude cloud systems.

3. Influence of dynamics on tropical cloud forcing during 1998 El Niño

Using some of the techniques described in the previous section, observations of unsusual tropical cloud properties during the 1998 El Niño noted by Cess et al. (2001) are now revisited. Cess et al. used the ratio (N) of shortwave (SWCF) and longwave (LWCF) cloud forcing to infer information on cloud properties. To first order, N is independent of cloud fraction with high values generally denoting low altitude cloud and low N being symptomatic of high cloud tops. However, considering a cloud of fixed altitude, increasing optical depth will also increase N. Using SWCF and LWCF from CERES (1998) and ERBE (1985-1989), Cess et al. (2001) inferred a decrease in cloud altitude in the tropical west Pacific (TWP) during 1998. More recently, changes in N were found to be consistent with cloud altitude data from the SAGE II solar occultation instrument (Cess et al. 2002) and it was postulated that this was related to an anomalous large-scale atmospheric circulation operating during 1998.

Using the cloud forcing ratio parameter (N) we find that by sampling only strong upward vertical motion, hence deep convective regimes which dominate the TWP region, the anomalous cloud properties in 1998 are related to two separate phenomena (for details see Allan et al. 2002):

1) Grid points containing anomalously high values of N (low cloud altitude) and low magnitudes of SWCF (low cloud fraction) during 1998 are related to the infiltration of mean-descending air into the TWP more usually present at higher latitudes or in the eastern Pacific. When only convective regimes are sampled (ω500 < -0.06 Pa s-1) over the tropical Pacific, 1998 affects a similar distribution of SWCF and LWCF to other years.

2) The high area-mean value of N present in 1998 in the tropical west Pacific appears only indirectly related to the anomalous circulation of the 1997/8 El Niño. Firstly, ScaRaB data during 1994/5 over the TWP also exhibits higher N than the 1985-1989 period. Secondly, when only strongly convective regimes are sampled across the tropical Pacific, thus removing the effect of (1), the ScaRaB and CERES data continue to display higher values of N than the ERBS data from 1985-1989. This relates to the apparent tropic-wide decadal changes in cloudiness from 1979-2000 (Wielicki et al. 2002) which is described in the following section.

Applying the same technique to the atmospheric climate model simulations (HadAM3), produce the following results (for details see Allan et al. 2002):

1) The response of the large-scale circulation to the observed SST/sea-ice forcing is well simulated with mean-descending infiltrating into the TWP region during 1998. Thus the anomalous circulation operating in 1998 can be explained by the unusual distribution of SST produced by the strong 1997/98 El Niño event.

2) HadAM3 overestimates N compared with the satellite data. This is partly due to an underestimation of high-altitude cloud but also related to clouds being too reflective.

3) The climate model cannot reproduce the decadal changes in N over the tropics (see also Wielicki et al. 2002).

Future work involves applying the techniques developed here to the New Dynamics version of the climate model. For example, Fig. 7 shows a modified version of the cloud forcing ratio parameter N' (adjusted to account for latitudinal changes in temperature and insolation) for ERBS satellite data, new dynamics atmospheric model (HadGAM) and new dynamics coupled model (HadGEM). It is clearly seen that the new dynamics models overestimate N', especially in regions of mean descent (dotted contours) which suggests that the cloud reflectivity is unrealistically dominating over the greenhouse trapping effects. It is only due to an underestimation of cloud fraction that the radiation budget agrees reasonably well with the satellite observations. This could provide unrealistic forcing for the dynamic fields in the model. Interestingly, low values of N' (grey) are present away from the centre of convection (solid contours) in the observations but are centred over the regions of strongest convection in the model. The lowest values of N' over the ocean generally relate to high altitude thin cloud where LWCF dominates over SWCF. This could indicate deficiencies in the representation of cirrus cloud in the model and merits further study.

4. Changes in tropical average cloud radiative effect

In previous sections, the dominant local dependence of cloud radiative effect on the geographical movement of cloud regimes is essentially removed by sampling only limited ranges of vertical motion. In doing so, it is possible to concentrate on more subtle signals relevant for climate change, in particular how cloud properties may alter in a warmer environment. An alternative strategy is to average over entire circulation systems such that the local movement of cloud regimes within the area considered do not greatly affect the area-mean radiative energy balance and the overall vertical velocity remains neutral. The large sensitivity of the global-mean radiation budget to changes in cloud fraction/properties combined with the comparatively modest radiative forcings(e.g. Slingo 1990) potentially provide an excellent opportunity for monitoring and improving the understanding of tropical-mean variability in cloudiness. It is only relatively recently that satellite datasets deemed of sufficient accuracy and stability to allow monitoring of decadal changes in the tropical-mean radiative energy balance have become available (Wielicki et al., 2002). Knowledge of mechanisms on these time-scales are crucial for the detection and attribution of climate change and are at present poorly understood.

Using the most accurate satellite instruments, including the continuous 1985-1999 record from the ERBS wide-field-of-view (WFOV) non-scanner instrument, an unexpectedly large decadal variation in the tropical radiation budget is demonstrated by Wielicki et al. (2002). The variation, thought to be related to changes in tropical cloudiness, cannot be reproduced by state-of-the-art atmospheric climate models (including HadAM3) forced by the observed SST/sea ice record (Wielicki et al., 2002). Further, variations of the magnitude shown by the satellite data are not present in the coupled version of the Hadley Centre model (HadCM3) or when currently used climate forcings (including volcanic, solar, greenhouse-gas, sulphate aerosol and ozone) are applied to HadAM3 (Allan and Slingo 2002). Figure 8 shows time-series of interannual radiative anomalies relative to the 1985-1989 period from the observations and Hadley Centre climate model (for further details, see Allan and Slingo, 2002). The main results are listed below:

1) In Fig. 8a, the OLR variation given by the observations (blue and red) is much larger than HadCM3 (error bars), the HadAM3 ensemble with GISST SST/sea-ice fields (GISST; shaded region) and the HadAM3 ensemble with all current climate model forcings applied (GISST+; dotted lines).

2) OLR and RSW variations from the ERBS WFOV instrument (blue) agrees with the scanner instruments (red: ERBS 1985-1989, ScaRaB 1994/5 and CERES 1998) to within 1 Wm-2 (Fig. 8a and c).

3) Observed clear-sky OLR variation (Fig 8b) appears much smaller than all-sky OLR variation (Fig 8a) suggesting that changes in cloudiness can explain the large decadal variation in the radiation budget. Note the resolution of the WFOV instrument does not allow the partitioning of clear and cloudy fluxes. HadAM3 can reproduce the clear-sky OLR variation but not the all-sky OLR changes, suggesting that model clouds are deficient.

4) Changes in RSW (Fig 8c) are consistent with the OLR changes and symptomatic of a reduction in cloud radiative effect. The RSW changes are slightly smaller than the OLR changes, suggesting that high-altitude clouds may explain the fluctuations.

The apparent changes in tropical cloudiness depend on the robust nature of the satellite instruments. Significantly, the decadal OLR variability is not reproduced by the series of narrow-band instruments on the NOAA satellites (AVHRR and HIRS). However, in Wielicki et al. (2002) it is argued that these instruments are not sufficiently accurate or stable for measuring decadal variation and further AVHRR and HIRS decadal changes in OLR are not in agreement. A battery failure during 1993 has been postulated as a cause of calibration uncertainty (Trenberth et al. 2002). Wielicki et al. argue that no known calibration uncertainty can explain the magnitude of OLR variation based on a variety of in flight calibration tests including deep-space and solar-calibration manoeuvres. However, an apparent change in the semi-annual cycle of RSW has been found to be related to a small drift in the ERBS orbit combined with a mismatch between the monthly processing and the 36-day precession cycle of the orbit, in agreement with the arguments of Trenberth. The nature of the radiation budget changes appears robust on considering the agreement of 5 scanner instruments and 2 non-scanner instruments in Figure 1 of Wielicki et al. (2002) and the unchanging clear-sky OLR from the scanner instruments shown in Figure Yb of this document.

There is a limited amount of independent data available to compare with the decadal changes in the tropical radiation budget. There is some evidence of a reduction of cloud fraction in the ISCCP data (Chen et al. 2002) although decadal changes in ISCCP cloud are thought to be inaccurate (Rossow pers. comm. 2000). However, data from the second Stratospheric Aerosol and Gas Experiment (SAGE II) solar occultation instrument does indicate a reduction in cloud altitude and emissivity, consistent with the radiation budget measurements (Wang et al. 2002). Also, independent measurements from the Polarization and Directionality of Earth's Reflectance (POLDER) instrument suggests lower albedo values during 1997 compared with 1985-1989 (Viollier et al. 2002). The tropical changes may be linked with an increase in strength of the Hadley and Walker circulations (Chen et al. 2002; Bates and Jackson 2001) and changes in the temperature lapse rate (Gaffen et al. 2000). Decreases in cloud fraction are qualitatively consistent with a steepening of temperature lapse rate due to the increased solar heating of the surface and increased infra-red cooling of the atmosphere.

From the recent analysis of the tropical radiation budget it appears that if the observations are robust there is a large decadal variability in cloudiness that climate models do not capture. This suggests that either climate models do not contain sufficient physical processes to resolve decadal variations in cloud or that there is a forcing that is missing or poorly represented in the model simulations. Indeed it is generally accepted that cloud feedbacks provide the largest uncertainty in the prediction of future climate (IPCC 2001). However, it is unlikely that the changes in the radiative balance are directly related to greenhouse gas warming, partly due to lack of sensitivity of the net radiative balance (Wielicki et al. 2002) and also the lack of a clear relationship between the observed warming over recent decades and the inferred changes in cloudiness. The intrinsic links between radiation and dynamics thus necessitate an integrated approach in extracting information concerning feedbacks in the climate system. The recent satellite measurements may pose a severe test for climate model representation of cloud variability providing that the robust nature of the observations are further demonstrated.
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