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The response of atmospheric moisture to changes in 
surface temperature (Ts) determines to a large extent 
the sensitivity of the climate system to a radiative 
perturbation. Aside from the indirect influence of 
moisture changes on cloud feedbacks, a primary 
component of the direct water vapour feedback (β

wv
) is 

encapsulated by,

βwv≈
∂OLRc
∂WV
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where OLRc is the clear-sky outgoing longwave 
radiation and WV is a generic water vapour variable. 
An important step in diagnosing water vapour feedback 
from observations is therefore to establish a relationship 
between water vapour concentrations and the surface 
temperature. Although it is only possible to measure 
dWV/dTs rather than ∂WV/∂Ts, it is possible to reduce 
this difference by removing the effects of the large scale 
circulation on the local changes in WV. This may be 
achieved by subsampling dynamical regimes (e.g. Bony 
et al. (1997), Allan et al. (2002c)) or by averaging over 
the large-scale circulation systems (e.g. Allan et al. 
(2002a)).

An important theoretical constraint on the water vapour 
feedback is the Clausius Clapeyron equation which 
predicts an approximately exponential increase in water 
vapour with temperature where relative humidity (RH) 
is conserved (e.g. Raval and Ramanathan (1989)). Wentz 
and Schabel (2000) demonstrated an observed increase 
in column integrated water vapour (CWV) with Ts of 
about 9% K−1, close to that predicted by the Clausius 
Clapeyron equation, by analysing trends over the ocean. 
In Fig. 1a-b both models and satellite observations show 
excellent agreement in the relationship between CWV 
and Ts over a decadal time-scale (see also Soden (2000)) 
with dCWV/dTs = 3.5 kg m−2 (≈ 9% K−1).

Given the strong coupling between ocean surface 
temperature and boundary layer water vapour, which is 
the primary determinant of CWV, it would be surprising 
if the relationship between marine CWV and Ts did not 
hold. However, OLRc is sensitive to humidity changes 
throughout the troposphere (e.g. Allan et al. (1999)) 
so it is therefore important also to evaluate the free 

tropospheric moisture changes simulated by models. 
One possibility is to use reanalyses which assimilate 
a variety of observations into an atmospheric model 
and output variables such as the vertical profiles of 
atmospheric water vapour globally. However, the 
changing quality of the observational input to reanalyses 
render the presently available products unsuitable for 
the analysis of water vapour feedback (Trenberth et al. 
(2001), Allan et al. (2002b), Allan et al. (2004)). 

Because OLRc is highly sensitive to humidity 
throughout the troposphere it is feasible to use 
dOLRc/dTs as a proxy for β

wv
 (e.g. Raval and 

Ramanathan (1989), Slingo et al. (2000)). Cess et al. 
(1990) demonstrated good agreement between model 
dOLRc/dTs and interpreted this as consistency in water 
vapour feedback. Agreement between observed and 
simulated variations in OLRc (Soden (2000), Allan 
and Slingo (2002)) suggest that the simulated water 
vapour feedback is realistic. For example, Fig. 1c 
shows reasonable agreement between observed and 
model simulated normalised greenhouse trapping, 
g

a
 = 1 − (σTs4/OLRc), with increased greenhouse 

trapping during warm events, symptomatic of 
positive water vapour feedback (Allan et al. (2003)). 
However, as demonstrated in Fig. 1c (dashed line), g

a
 

is also sensitive to forcings such as greenhouse gas 
concentration changes and volcanic aerosols which may 
confuse the diagnosis of water vapour feedback from 
analysing broadband radiative fluxes. In addition to this 
limitation, similarity in dOLRc/dTs does not necessarily 
indicate consistency in water vapour feedback. For 
example, Allan et al. (2002a) showed that 2 models 
with identical forcings produced a similar sensitivity, 
dOLRc/dTs ≈ 2 W m−2 K−1, but contained rather different 
temperature and water vapour profile responses to Ts 
over an interannual time-scale. The discrepancy, which 
was ascribed to differences in the model convection 
parametrizations, raises questions as how best to 
diagnose water vapour feedback (see also Held and 
Soden (2000)) and how the water vapour, temperature 
lapse rate and cloud feedbacks may interact.

Colman (2003) compared climate feedbacks from a 
variety of models and found a large compensation 
between water vapour and temperature lapse rate 



Extended Abstracts: Allan

IPCC Workshop on Climate Sensitivity – 4

feedback, consistent with the analysis of Allan et 
al. (2002a). Based on the apparent robust nature of 
modelled and observed constant relative humidity 
water vapour feedback feedback (e.g. Ingram (2002), 
Soden et al. (2002)) it seems reasonable to check 
for departure from this theoretical relationship by 
measuring the feedback, if any, involving relative 
humidity. An additional benefit of this approach is the 
potential applicability to cloud feedbacks given the 
strong relationship between RH and cloudiness (e.g. 
J. M. Slingo (1980)). Thus it is important to evaluate the 
sensitivity of OLRc to RH (∂OLRc/∂RH) and to diagnose 
the changes in RH in response to Ts.

Figure 2 illustrates a technique to estimate ∂OLRc/∂RH 
by computing dOLRc/dUTH using the results of Allan 
et al. (2003). Here, dOLRc/dUTH is calculated at each 
tropical grid-point from interannual monthly anomalies, 
plotted as a function of mean UTH where UTH is 
estimated from observations and simulations of 6.7 μm 
radiances. The increasingly negative dOLRc/dUTH 
with decreasing humidity is consistent with previous 

studies (e.g. Spencer and Braswell (1997)) although the 
model appears to overestimate the magnitude of this 
sensitivity, especially at low humidities compared with 
the combined ERBS and HIRS satellite observations. 
Regardless of the approximate relationship, 
dOLRc/dUTH ≈ 0.5% K−1, the departure from a constant 
relative humidity water vapour feedback appears small 
on the interannual time-scale because changes in 6.7 μm 
radiance (or equivalent brightness temperature, T

6.7
) are 

small and not significantly correlated with Ts (Fig. 1d; 
Allan et al. (2003)). Although T

6.7
 does not appear to be 

directly influenced by additional forcings (see dashed 
line in Fig. 1d) the relationship between T

6.7
 and UTH 

may not be robust on interannual time-scales where 
temperature changes may also influence changes T

6.7
 

(Allan et al. 2003). Therefore, these techniques may 
need to be further refined. Finally, understanding the 
links between Ts, RH, cloudiness and the large-scale 
dynamics may improve our understanding of climate 
feedbacks and how they interact with one another (e.g. 
Hartmann et al. (2001)).

Figure 1. Interannual variations in (a) surface temperature, (b) column integrated water vapour, (c) atmospheric normalised 
greenhouse trapping and (d) 6.7 μm brightness temperature for sea surface temperature (SST) forced model (shaded), model with 
all known forcings (dashed) and observations (solid) (from Allan et al. (2003).



Extended Abstracts: Allan

IPCC Workshop on Climate Sensitivity – 5

References

Allan, R. P. and Slingo, A. (2002). Can current climate 
model forcings explain the spatial and temporal 
signatures of decadal OLR variations? Geophys. Res. 
Lett., 29, 0.1029/2001GL014620.

Allan, R. P., Shine, K. P., Slingo, A., and Pamment, J. 
A. (1999). The dependence of clear-sky outgoing 
longwave radiation on surface temperature and 
relative humidity. Quart. J. Roy. Meteorol. Soc., 125, 
2103–2126.

Allan, R. P., Ramaswamy, V., and Slingo, A. (2002a). 
A diagnostic analysis of atmospheric moisture and 
clear-sky radiative feedback in the Hadley Centre 
and Geophysical Fluid Dynamics Laboratory 
(GFDL) climate models. J. Geophys. Res., pages 
4329, doi 10.1029/2001JD001131.

Allan, R. P., Slingo, A., and Ramaswamy, V. (2002b). 
Analysis of moisture variability in the European 
Centre for Medium-Range Weather Forecasts 15-
year reanalysis over the tropical oceans. J. Geophys. 
Res., 107, 4230, doi 10.1029/2001JD001132.

Allan, R. P., Slingo, A., and Ringer, M. A. (2002c). 
Influence of dynamics on the changes in tropical 
cloud radiative forcing during the 1998 El Niño. J. 
Climate, 15, 1979–1986.

Allan, R. P., Ringer, M. A., and Slingo, A. (2003). 
Evaluation of moisture in the Hadley Centre climate 
model using simulations of HIRS water-vapour 
channel radiances. Quart. J. Roy. Meteorol. Soc., 
129, 3371–3389.

Allan, R. P., Ringer, M. A., Pamment, J. A., and Slingo, 
A. (2004). Simulation of the Earth’s radiation budget 
by the European Centre for Medium Range Weather 
Forecasts 40-year reanalysis (ERA40). J. Geophys. 
Res., accepted.

Bony, S., Lau, K., and Sud, Y. C. (1997). Sea surface 
temperature and large-scale circulation influences 
on tropical greenhouse effect and cloud radiative 
forcing. J. Climate, 10, 2055–2077.

Cess, R. D., and coauthors (1990). Intercomparison and 
interpretation of climate feedback processes in 19 
atmospheric general circulation models. J. Geophys. 
Res., 95, 16601–16615.

Colman, R. (2003). A comparison of climate feedbacks 
in general circulation models. Climate Dynamics, 20, 
865–873.

Hartmann, D. L., Moy, L. A., and Fu, Q. (2001). 
Tropical convection and the energy balance at the 
top of the atmosphere. J. Climate, 14, 4495–4511.

Figure 2. Sensitivity of clear-sky OLR to upper tropospheric humidity (UTH) as a function of mean UTH for the HadAM3 model and 
satellite observations.



Extended Abstracts: Allan

IPCC Workshop on Climate Sensitivity – 6

Held, I. and Soden, B. J. (2000). Water vapor feedback 
and global warming. Ann. Rev. Energy Environ., 25, 
441–475.

Ingram, W. J. (2002). On the robustness of the water 
vapor feedback: GCM vertical resolution and 
formulation. J. Climate, 15, 917–921.

Raval, A. and Ramanathan, V. (1989). Observational 
determination of the greenhouse effect. Nature, 342, 
758–761.

Slingo, A., Pamment, J. A., Allan, R. P., and Wilson, 
P. (2000). Water vapour feedbacks in the ECMWF 
Re-Analyses and Hadley Centre climate model. J. 
Climate, 13, 3080–3098.

Slingo, J. M. (1980). A cloud parameterization scheme 
derived from GATE data for use with a numerical 
model. Quart. J. Roy. Meteorol. Soc., 106, 747–770.

Soden, B. J. (2000). The sensitivity of the tropical 
hydrological cycle to ENSO. J. Climate, 13, 538–
549.

Soden, B. J., Wetherald, R. T., Stenchikov, G. L., and 
Robock, A. (2002). Global cooling after the eruption 
of Mount Pinatubo: a test of climate feedback by 
water vapor. Science, 296, 727–730.

Spencer, R. W. and Braswell, W. D. (1997). How dry 
is the tropical free troposphere? Implications for 
global warming theory. Bull. Amer. Met. Soc., 78, 
1097–1106.

Trenberth, K. E., Stepaniak, D. P., Hurrell, J. W., and 
Fiorino, M. (2001). Quality of reanalyses in the 
tropics. J. Climate, 14, 1499–1510.

Wentz, F. J. and Schabel, M. (2000). Precise climate 
monitoring using complementary satellite data sets. 
Nature, 403, 414–416.


