The accuracy of climate change prediction depends on the representation of feedback processes depicted within climate models. Two important radiative feedbacks relate to cloud and water vapour, both of which are highly dependent on the robust simulation of relative humidity (RH). A strongly positive water vapour feedback in models arises due to the near-constancy of RH. While moisture changes near to the surface are well understood, it has yet to be adequately demonstrated that decadal changes in upper tropospheric RH in models is realistic.

To explore this issue, we perform explicit simulations of High Resolution Infrared Sounder (HIRS) satellite water vapour radiances, which are sensitive to upper tropospheric RH, within the Hadley Centre atmosphere-only climate model (version HadAM3).  Evaluation of HadAM3 over the 20 year HIRS period is enhanced by accounting for satellite sampling issues and by utilizing additional satellite and reanalysis data. Climatological averages compare well with the observations, although differences relating to circulation errors can be identified. The model can accurately reproduce the spatial signature of the interannual variation in HIRS radiances in response to the prescribed sea surface temperature forcing. Interannual changes in the simulated RH-sensitive radiances are consistent with the satellite observations suggesting that the small decadal changes in RH simulated by HadAM3 are realistic. 

1. INTRODUCTION

The response of the climate system to an external forcing, such as increasing greenhouse gas concentration, is strongly modulated by feedbacks due to water vapour and cloud, both of which are intrinsically linked to relative humidity. Therefore, it is crucial that relative humidity and its variability are accurately represented in climate models.  It is generally believed that the strong positive water vapour feedback predicted by models is robust and approximates to the feedback experienced for fixed relative humidity  (Ingram 2002; Soden et al. 2002). However, it has yet to be adequately demonstrated from observations that this approximation applies on decadal time-scales (e.g. Sun and Held 1996). Also, despite the similarity of the clear-sky radiative feedbacks diagnosed from different climate models, it is not clear that vertical temperature and water vapour changes are consistent (Allan et al. 2002a). Further, climate models do not agree on the magnitude and sign of cloud feedback (IPCC 2001); observational evidence suggests that decadal changes in temperature lapse rate (Gaffen et al. 2000) and cloudiness (Wielicki et al. 2002) are not well simulated by current climate models. Thus, it is crucial that available information on atmospheric temperature and moisture variation are utilized to test the present day climate simulated by models. 

We evaluate the performance of the Hadley Centre atmospheric climate model (HadAM3) in simulating present day water vapour and its variability. Due to concerns over the accuracy of humidity variations in reanalyses (Allan et al. 2002b), our evaluation of HadAM3 water vapour includes only the most robust satellite datasets. An important component of the comparisons involve the direct simulations of High-Resolution Infrared Sounder (HIRS) 6.7 m clear-sky radiances, which are primarily sensitive to upper tropospheric relative humidity (UTH). Using the HIRS observational record along with additional satellite data we attempt to assess the realism of water vapour distribution and variability in HadAM3. One key question to address is, can the model simulate decadal fluctuations in the HIRS UTH radiances?

2. SATELLITE DATA AND MODEL EXPERIMENTAL DESIGN

Monthly mean clear-sky 6.7 m brightness temperature data from HIRS Channel 12 radiances (T6.7 ) from 1979-98 is utilized (Bates et al. 2001) along with vertical motion fields from the National Center for Environmental Prediction-National Center for Atmospheric Research 40-year reanalysis (NCEP; Kalney et al. 1996). We also used clear-sky outgoing longwave radiation (OLR) data from the Earth Radiation Budget Satellite (ERBS; Barkstrom et al. 1987) over the period 1985-90, from Scanner for Radiation Budget (ScaRaB; Kandel et al. 1998) for 1994/5 and from Clouds and the Earth’s Radiant Energy System (CERES; Wielicki et al, 1996) in 1998. Column integrated water vapour (CWV) data is derived from the Scanning Multichannel Microwave Radiometer (SMMR; Wentz and Francis 1992) for the period 1979-84 and from the Special Sensor Microwave Imager (SSM/I; Wentz 1997) for 1987-98.

We used HadAM3 (Pope et al. 2000) to perform 3 realizations of the present day climate forced by HadISST observed sea surface temperature and sea-ice over the period 1978-99. We employed the radiance solver described in Ringer et al. (2002) such that explicit simulations of HIRS T6.7 could be completed within HadAM3. Radiances were converted to brightness temperature at each radiation time-step, consistent with the satellite data. Also, because clear-sky OLR and T6.7 satellite measurements can only be made for cloud free pixels, we developed improved diagnostics within HadAM3 such that sampling inconsistencies between the model and satellite data were reduced. Seasonal ozone and aerosol climatologies were applied and well-mixed greenhouse gases held constant at 1990 levels. 

3. CLIMATOLOGY

Figure 1 shows comparisons between observed and simulated climatological fields for northern hemisphere summer (JJA). Vertical motion at 500 hPa (500 ) show areas of mean ascent (negative values)  and regions of mean descent (positive values) for (a) NCEP and (b) HadAM3. Simulated vertical motion in the south Pacific appears rather unrealistic and regions of mean descent in the Southern Hemisphere are rather large in HadAM3. However, differences in the strength of ascent within convective regimes are thought to be related to deficiencies with the NCEP reanalysis (Trenberth and Guillemont, 1996). Comparing vertical motion with clear-sky OLR and T6.7 within the tropics, it is clear that ascending motion corresponds with low emissions/brightness temperature and descending motion produces high emissions. The simulated T6.7  in the dry, descending regions is larger than given by the HIRS observations, especially in the southern hemisphere. The differences in brightness temperature and vertical motion over these regions are consistent with an overactive circulation in HadAM3. Over remaining regions, simulated clear-sky OLR and T6.7 tend to be lower than observed values. While care has been taken to reduce the clear-sky sampling inconsistencies between the model and the satellite data, it remains possible that sub-grid scale sampling issues may explain at least part of these discrepancies. Nevertheless, the overall simulation of T6.7  is excellent, with the 60oS-60oN area-weighted mean HadAM3-HIRS bias being less than 0.7 K for all seasons (the RMS bias is below 2 K).

HadAM3 simulates the observed spatial distribution of column integrated water vapour (CWV) well. However, the model tends to underestimate CWV in the deep tropics and overestimate at mid- latitudes. Further analysis is required to determine the cause of these biases. Simulated clear-sky OLR is greater than observed values over the Sahara. The differences with the reanalysis and satellite data discussed here for JJA are also relevant for the other seasons (not shown).

4. INTERANNUAL VARIABILITY

Many of the differences shown in Figure 1 appear to be systematic. However, it is unclear how these differences affect the climate variability on longer time-scales. We now analyse the 1979-98 interannual variability in HadAM3 and the observations. We concentrate our analysis on the tropical oceans because the satellite data coverage is most robust here and the interannual signal relating to the El Nino Southern Oscillation (ENSO) is largest in these regions. To remove the local dependence of water vapour and radiation on the large-scale circulation we average over tropical oceans between 30oS and 30oN and remove the mean seasonal cycle.

Figure 2 shows the interannual anomalies of surface temperature, CWV, T6.7  and normalized clear-sky greenhouse effect (ga). ga is the fraction of surface emission which does not escape as clear-sky OLR and therefore is a good measure of the water vapour greenhouse effect. Positive anomalies of surface temperature correspond with the warm ENSO events of 1979/80, 1982/3, 1986/7 and 1997/8 which primarily affect DJF. Associated with these warm events are positive CWV anomalies with HadAM3 reproducing the interannual variability derived from the satellite microwave data. The observed variability for 50 oS and 50oN oceans is also well simulated by HadAM3 (not shown). While the agreement is excellent, it is expected that lower tropospheric moisture, which primarily determines CWV, should be well simulated because low level moisture over the tropical oceans are strongly coupled to the sea surface temperature.

Analysing the greenhouse trapping and HIRS 6.7 m brightness temperature in Fig. 2c and d provides more information on the accuracy of UTH variability simulated by HadAM3 which is less well understood than lower level moisture fluctuations. The standard and modified model diagnostics are displayed and show a remarkable lack of sensitivity to the clear-sky sampling (compare the light and dark blue shaded regions in Fig. 2c and d). HadAM3 reproduces some aspects of the observed ga variation given by ERBS over the 1986-89 ENSO cycle. Also shown are the anomalies of ga (relative to the ERBS climatology) from ScaRaB in 1994/5 and CERES in 1998. The observed anomalies are consistent with the simulated variability but provide a rather limited comparison period. Also a further integration of HadAM3 in which additional climate forcings are applied (not shown) indicates that ga is highly sensitive to the decadal trends in well mixed greenhouse gases and the changes in aerosol forcing. Thus, using the entire HIRS record for evaluation of model water vapour simulations provides a more informative comparison.

The magnitude of the simulated T6.7 variability in Figure 2d does not differ markedly to the HIRS observations. Peaks during the 1982/3 and 1997/8 ENSO warm events and a minimum during the 1988/9 cold event are evident in both model and data. It is unclear why a discrepancy appears during 1979/80 in T6.7; significant differences in the surface temperature and CWV fields are also evident compared with NCEP and SMMR data respectively. The agreement between observed and simulated T6.7 suggests that the near-constancy of UTH simulated by HadAM3 is realistic. However, while the strong dependence of T6.7  on UTH has been demonstrated on spatial scales (e.g. Bates et al. 2001) it has yet to be established whether this relationship remains robust on interannual time-scales. By analysing the model output, we found that T6.7 is sensitive both to UTH and 200 hPa temperature over interannual time-scales. It has previously been shown that model simulation of 200 hPa temperature is good over interannual time-scales (Soden 2000) so it is expected that results detailed in the present study do indicate model skill in simulating decadal UTH variation. However, caution must be taken when inferring UTH changes purely from the satellite radiances as in previous studies (e.g. Bates et al. 2001).

5. SPATIOTEMPORAL VARIABILITY

We analysed the spatial signature of the interannual variability of T6.7 in the model and satellite data by performing Empirical Orthogonal Function (EOF) analysis on the 20-year monthly time-series. The seasonal signal is removed by subtracting the mean monthly climatology from each dataset at each grid point. Figure 3 shows the first EOF pattern for (a) HadAM3 and (b) the HIRS satellite observations for 30oS-30oN and the time-series of (a) and (b) are shown in (c).

There is excellent agreement between the simulations and the satellite data, with ENSO warm events of 1982/3, 1987/8 and 1997/8 producing higher than average T6.7 over the tropical west Pacific and over the central sub-tropical Pacific. A peak corresponding to the weak 1991/2 ENSO warm event is also captured by the observations and simulations although this event is not apparent in the surface temperature or CWV variations in Fig. 2 due to the additional effects of the 1991 Pinatubo eruption on the prescribed sea surface temperature. Thus the spatial response of UTH inferred from T6.7, relating to the prescribed changes in ocean surface temperature, appears well simulated. However, the model slightly overestimates the magnitude of the signal.

6. SUMMARY

We present simulations of the present day climate by forcing the Hadley Centre atmospheric model (HadAM3) with observed sea surface temperature and ice fields. The spatial and temporal variation of moisture and clear-sky radiation produced by the model are evaluated. An important component of the methodology is to directly simulate HIRS channel 12 radiances (and corresponding brightness temperature, T6.7) which are sensitive to upper tropospheric humidity. Comparing with the HIRS observations and additional satellite data of column-integrated water vapour and clear-sky OLR, indicates that HadAM3 can simulate the distribution and interannual variability of moisture and clear-sky radiation adequately. The consistent variability of T6.7 suggests that the model can accurately simulate decadal fluctuations in UTH providing the apparently robust variability in upper tropospheric temperature is confirmed. Future work is required to further demonstrate the robust nature of the HIRS satellite data.
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8. FIGURE CAPTIONS

Figure 1: Observed (left) and HadAM3 ensemble mean (right) climatologies for JJA: 1979-98 mean 500 hPa vertical velocity (mPa s-1 ) from (a) NCEP reanalysis and (b) HadAM3; 1979-98 mean 6.7 micron brightness temperature (K) from (c) the HIRS satellite instruments and (d) HadAM3; 1985-89 clear-sky outgoing longwave radiation (Wm-2 ) from (e) the ERBS satellite and (f) HadAM3; 1979-84 and 1988-98 mean column integrated water vapour (kg m-2 ) from (g) the combined satellite record of SMMR and SSM/I microwave instruments and (h) HadAM3. 

Figure 2: Interannual anomalies over the tropical oceans (30oS-30oN) for (a) surface temperature (K), (b) column water vapour (kg m-2 ), (c) normalized greenhouse trapping (fraction of surface emission that does not escape as clear-sky OLR) and (d) HIRS 6.7 m brightness temperature (K). Observations/NCEP are shown in black and the range from a 3 member HadAM3 ensemble are shown for standard (dark blue) and modified (light blue) model diagnostics. The mean monthly climatological values are removed and the time-series smoothed using a 5 month moving average.

Figure 3: First EOF patterns from interannual monthly anomalies of 6.7 m brightness temperature from (a) HadAM3, (b) HIRS satellite data and (c) the time-series of the EOF patterns. Positive EOF values greater than 0.02 are coloured in a and b.
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