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Abstract 33 

It has been shown previously that one member of the Met Office Hadley Centre 34 

single-parameter perturbed physics ensemble- the so-called "low entrainment 35 

parameter" member- has a much higher climate sensitivity than other individual 36 

parameter perturbations. Here we show that the concentration of stratospheric water 37 

vapour in this member is over three times higher than observations, and, more 38 

importantly for climate sensitivity, increases significantly when climate warms. The 39 

large surface temperature response of this ensemble member is more consistent with 40 

stratospheric humidity change, rather than upper tropospheric clouds as has been 41 

previously suggested. The direct relationship between the bias in the control state 42 

(elevated stratospheric humidity) and the cause of the high climate sensitivity (a 43 

further increase in stratospheric humidity) lends further doubt as to the realism of this 44 

particular integration. This, together with other evidence, lowers the likelihood that 45 

the climate system's physical sensitivity is significantly higher than the likely upper 46 

range quoted in the Intergovernmental Panel on Climate Change's Fourth Assessment 47 

Report. 48 

 49 

50 
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1. Introduction 51 

Much discussion has centred on the likelihood of the sensitivity of the physical 52 

climate system being significantly larger than the 2-4.5 K range quoted in the 53 

Intergovernmental Panel on Climate Change (IPCC)’s Fourth Assessment Report 54 

(AR4) (IPCC 2007). The upper bound is sensitive to how model parameters are 55 

sampled and to the method used to compare with observations (e.g.: see section 10.5.1 56 

of Meehl et al 2007). 57 

 58 

The Quantifying Uncertainty in Model Prediction (QUMP) ensemble (Murphy et al. 59 

2004) consisted of a series of general circulation model or GCM integrations with 60 

different perturbed parameters designed to sample uncertainties in physical processes. 61 

The integration that is the subject of this paper is the so-called low entrainment 62 

parameter (henceforth LEP) integration, carried out with the Met Office Hadley 63 

Centre’s HadSM3 climate model. When entrainment rates in the model’s convection 64 

scheme are set to low values, the climate sensitivity is approximately 7K on doubling 65 

CO2 from pre-industrial values, which is much higher than the IPCC range of 2-4.5K 66 

quoted above, and much higher than any other member of the single-parameter 67 

Murphy et al. (2004) ensemble. 68 

 69 

It is clearly important to assess the validity of the LEP run, given that such a high 70 

sensitivity would have profound implications for climate change in the latter half of 71 

the 21st century and beyond, given current emissions projections, and an equivalently 72 

profound impact on international negotiations to limit emissions. Some limited 73 

evaluation is presented in Collins et al (2010) in the form of global bias and root-74 

mean-squared error statistics for a number of different 2d time-averaged climatologies 75 
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(their Figure 2). In the ensemble considered here where just one model parameter is 76 

perturbed at a time (labelled S-PPE-S in Collins et al. 2010) the performance of the 77 

low entrainment is competitive with other members of the ensemble. It could certainly 78 

not be described as an outlier. In addition, the spread of global mean biases and the 79 

magnitude of RMS errors are both smaller in this ensemble than they are in the 80 

CMIP3/CFMIP multi-model ensemble of slab experiments. Here we focus on one 81 

aspect of the LEP run: its high stratospheric humidity, and the implications of changes 82 

in this quantity for the validity of the LEP run, and the feedback processes occurring 83 

in it. 84 

 85 

Elevated values of humidity in the upper tropospheric/lower stratospheric (UTLS) 86 

region in low-entrainment-parameter HadSM3 experiments have been noticed before 87 

by Sanderson et al. (2008). They found relative humidity (RH) changed by 30% on 88 

doubling CO2 in a version of the LEP run carried out by the Climateprediction.net 89 

project (Stainforth et al. 2005). They inferred that high cloud in the UTLS region was 90 

responsible for the high sensitivity. However, their Figure 8 shows high values of RH 91 

in the tropics at the 20-25km level compared to a control simulation, which is not only 92 

at a much higher altitude than the cold point of the tropical tropopause, but also 93 

insufficient to cause cloud formation in such a dry region. This study explores an 94 

alternative interpretation – that stratospheric water vapour (henceforth SWV) changes 95 

rather than cloud changes are the main cause of the high climate sensitivity of the 96 

LEP run. 97 

 98 

In a standard HadSM3 simulation, water vapour is freeze dried as it reaches the 99 

coldest point of the tropical tropopause; this leads to very low values of SWV of 100 
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approximately 2-3 ppmv, consistent with observations. Here we show that high values 101 

of SWV occur in the LEP run because less entrainment in convection reduces the 102 

dilution of convective plumes by dry air. The plumes are therefore more intense, and 103 

cause the upper tropical troposphere to moisten far more than in the standard 104 

simulation. The moister air is then available for transport from the upper troposphere 105 

into the lower stratosphere isentropically in the subtropics, where the tropopause 106 

height changes rapidly, and isentropes cross the tropopause. We note that such 107 

transport has been previously identified in a predecessor to HadSM3, called HadCM2, 108 

which had similar dynamics (D. Karoly, Priv. Comm). 109 

 110 

In this paper we show that SWV biases in the LEP run are far worse than suggested 111 

by Sanderson et al (2008), and cast doubt on this aspect of the plausibility of this 112 

ensemble member's climatology. We then show that the extra radiative effect 113 

associated with the stratospheric moisture change in the 2xCO2 LEP integration is 114 

almost as large as the CO2 forcing itself, and can explain the high climate sensitivity 115 

of LEP. We also rule out cloud changes as a substantial contributor to the differences 116 

in sensitivity between the LEP and the standard version of HadSM3. We then discuss 117 

our results in the context of constraining climate sensitivity. 118 

 119 

2. Results 120 

We present results from four integrations of the HadSM3 model: a standard-parameter 121 

control run and an LEP run with pre-industrial CO2 (STD1 and LEP1 respectively) as 122 

well as a standard-parameter and a LEP run with 2 x pre-industrial CO2 (STD2 and 123 

LEP2 respectively). The LEP2 run was started from a STD2 pre-industrial control 124 

state, which has implications for some of the interpretation later. 125 
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 126 

Figure 1 (top panel) shows SWV in STD1 in the stratosphere; values are broadly 127 

consistent with observations, though slightly smaller than recently observed values 128 

(e.g.: Rosenlof et al. 2001). The difference between STD1 and STD2 under enhanced 129 

CO2 is small (less than 0.5 ppmv, not shown). Figure 1 (middle) shows that SWV in 130 

LEP1 is much higher than in STD1. The large hemispheric asymmetry also appears 131 

inconsistent with observations. Sanderson et al (2008) suggested that the differences 132 

between LEP1 and STD1 are concentrated in the UTLS region, but Figure 1 (middle) 133 

exhibits large differences throughout the stratospheres of the different model versions. 134 

We suggest that the reason for their interpretation is that they diagnosed differences in 135 

RH rather than specific humidity q: the choice of the former magnifies differences 136 

where RH is large, i.e. near the cold point of the tropical tropopause at the 100 hPa 137 

level. Consider, for example, two levels having similar values of q, but RH values of 138 

1% and 25%, representing the mid-stratosphere and tropopause respectively. If 139 

specific humidity is doubled at both levels, the former will exhibit a change in RH of 140 

1%, whereas the latter will show a change of 25% which under-emphasizes the mid-141 

stratospheric change. 142 

 143 

LEP2 (Figure 1 bottom panel) has SWV values approaching 40 ppmv in the mid-144 

stratosphere, which is an order of magnitude higher than present-day observations. 145 

LEP2 exhibits positive anomalies in the subtropics, where the tropopause drops in 146 

height, and isentropes cross it. These anomalies are consistent with humid air in LEP2 147 

being isentropically-transported polewards from the upper troposphere into the lower 148 

stratosphere, and being uplifted in the Brewer-Dobson circulation. Additionally, SWV 149 

at the equator at 50-100 hPa is a factor of 1.5-2 lower than elsewhere in the 150 
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stratosphere, which also suggests that tropical cold-point temperature is not the main 151 

factor controlling stratospheric humidity in LEP2, as it is in reality. 152 

 153 

Tropical temperature profiles are shown in Figure 2 (top). STD1, STD2, and LEP1 all 154 

reach minima at approximately 100 hPa, and have minima between 195K and 200K, 155 

in line with observations. The reason for STD1 and STD2 having similar tropopause 156 

heights in spite of the equilibrium warming is most likely the coarse resolution of 157 

HadCM3, which is approximately 3 km at the tropopause. LEP2 has a higher 158 

tropopause, consistent with the large equilibrium warming it has sustained, and a 159 

cooler stratosphere consistent with its much higher humidity. The differences between 160 

LEP1 and STD1 are shown in Figure 2 (bottom): the difference between LEP1 and 161 

STD1 is 3 degrees at the tropopause level where the coldest temperatures are 197K 162 

and 194K respectively. The difference in temperature between LEP1 and STD1 does 163 

not appear consistent with the difference in stratospheric humidity between LEP1 and 164 

STD1, and again suggests tropical cold point temperature changes are not controlling 165 

the entry value of water vapour into the stratosphere in the “LEP-” integrations, 166 

consistent with Figure 1. 167 

 168 

Greater light is shed on the mechanism by examining the seasonal variation of the 169 

stratospheric humidity anomaly. Figure 3 (top panel) shows that, in STD1, high 170 

values of upper tropospheric RH are evident where convection occurs in the Northern 171 

Indian and Eastern Pacific regions, but these high values are confined between 0°N 172 

and 25°N. Figure 3 (middle panel) shows that in LEP1, high values of RH exist well 173 

into the Western Pacific north of 30°N, which is where the tropopause drops to below 174 
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the 200 hPa level; this is shown clearly in the difference between LEP1 and STD1 175 

(Figure 3 bottom panel). 176 

 177 

Figure 4 (top panel) shows that in DJF, high values of RH in STD1 are more zonally 178 

uniform, consistent with observations. Figure 4 (middle panel) shows that in LEP1, 179 

RH values are higher than in STD1 at this pressure level; however, these high values 180 

do not extend polewards of 30° and Figure 4 (bottom panel) confirms this. Together 181 

Figures 3 and 4 show that the JJA season is where most of the anomalously humid air 182 

in LEP1 is transported across the tropopause, which is consistent with the asymmetry 183 

in the annual averages shown in Figure 1 (middle panel). 184 

 185 

The question still remains as to whether the anomalously high SWV in the JJA 186 

subtropical lower stratosphere can be advected upwards. Figure 5 shows vertical 187 

pressure velocities at the 100 hPa level (top) and 60 hPa level (bottom). Negative (i.e.: 188 

upward) values are evident in the northern subtropics, especially Eastern Asia, which 189 

is coincident with the locations where the high values of RH exist in LEP1, as shown 190 

in Figure 3 (middle panel). Together, Figures 1-4 appear to show that stratospheric 191 

humidity in the LEP run is not controlled by the coldest temperatures at the tropical 192 

tropopause, as conventional wisdom dictates, and indeed as happens in STD1, but by 193 

summer subtropical/midlatitude temperature and humidity, especially in JJA. This 194 

effect is magnified in LEP2 because of higher upper tropospheric temperatures, 195 

leading to the very large values of SWV shown in Figure 1 (bottom panel). 196 

 197 

One can confirm the radiative importance of the water vapour in LEP1 by analysing 198 

the energy budget in terms of downward short-wave (SW) and long-wave (LW) 199 
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radiation at the tropopause in runs STD1 and LEP1. The LW difference is +1.2 Wm-2, 200 

whereas the SW difference is only -0.1 Wm-2, showing that LW effects arising from 201 

the difference in water vapour dominate the difference in downward radiation at the 202 

tropopause between STD1 and LEP1. The geographical pattern of the LW forcing 203 

difference is shown in Figure 6. The largest differences occur in the northern 204 

subtropical regions rather than in the tropics, with northern hemisphere forcing 205 

differences being the larger; such a pattern is consistent with the difference in SWV 206 

between LEP1 and STD1 shown in Figure 1 (middle panel). 207 

 208 

The difference in downward LW flux at the tropopause between STD2 and STD1 at 209 

equilibrium is 0.6 Wm-2, which can be largely attributed to the radiative effects of 210 

more CO2 in the stratosphere (0.9 Wm-2 in HadSM3). There is no significant 211 

difference in downward SW flux. However, the difference in downward tropopause 212 

LW flux between LEP2 and LEP1 at equilibrium is 3.3 Wm-2, while the difference in 213 

downward SW flux is 0.1 Wm-2, suggesting that the extra stratospheric humidity (and 214 

cooling associated with the extra humidity) in LEP2 is contributing 2.8 Wm-2 to the 215 

radiative budget after doubling CO2 compared to run STD2. 216 

 217 

We have attempted to confirm that the extra radiative effect is associated with the 218 

extra SWV in LEP2 by three means. Firstly, Figure 7 shows the timescale over which 219 

both the SWV anomaly and downward LW forcing at the tropopause build up. The 220 

solid curves in Figure 7 (top) corresponding to STD1 and STD2 show negligible 221 

trends in SWV. However, run LEP2, shown by the dashed grey line, exhibits an 222 

increase in stratospheric humidity over the first 10 years of the integration. Note that 223 

the similar values of LEP1 and LEP2 in year 1 are slightly misleading, because LEP2 224 
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is started from the end of the STD2 integration: SWV at 60 hPa simply spins up to 10 225 

ppmv after a year. The dashed grey curve in Figure 7 (bottom) shows how the 226 

downward LW flux at the tropopause evolves in response to the humidity anomaly in 227 

LEP2; it too increases over a timescale of 10 years until equilibrating at a value of 3.3 228 

Wm-2 above the LEP1 value, suggesting it is associated with the SWV anomaly. 229 

 230 

As a second test of our hypothesis, we have calculated the radiative forcing at the 231 

tropopause resulting from a uniform change in SWV from 10 ppmv to 20 ppmv (the 232 

approximate mean SWV concentrations of the LEP1 and LEP2 integrations) using the 233 

fixed-dynamical-heating or FDH approach (e.g.: Forster and Shine 2002). The FDH 234 

method employs a radiative model (in this case the HadSM3 radiative code) and an 235 

equilibrium HadSM3 temperature field to calculate a radiative heating rate which is 236 

assumed to be equal and opposite to the dynamical heating rate X(y,z). The 237 

stratosphere is then perturbed radiatively and the forcing and temperature change 238 

above the tropopause calculated assuming X does not change. The FDH forcing is 239 

2.77 Wm-2, which is very close to the 2.8 Wm-2 additional downward LW flux at the 240 

tropopause between LEP2 and LEP1 compared to STD1 and STD2. This shows that 241 

the extra SWV in LEP2 is capable of explaining a large component of the extra 242 

downward LW forcing in that run. 243 

 244 

Finally, we have estimated what the climate sensitivity would be for the STD and 245 

LEP experiments if their clear-sky and cloud feedback parameters were interchanged. 246 

We diagnose these feedback parameters following the method of Webb et al (2006) 247 

and define the total feedback (Wm-2) to be Λ  = (R’ – f)/T’ where f is the radiative 248 

forcing (Wm-2) , T’ is the climate sensitivity and R’ is the difference in the net 249 



12 
 

downward radiative flux at the top of the atmosphere between the control and 2xCO2 250 

simulation (which is zero at equilibrium).  This can be decomposed into clear-sky 251 

atmosphere and cloud components, Λ = ΛA +ΛC, where ΛA = (RA’ – f )/T’ and  ΛC = 252 

(R’-RA’)/T’,  RA’ being the change in the net downward clear-sky radiative flux at the 253 

top of the atmosphere at equilibrium. Assuming a standard HadCM3 value for net 254 

CO2 forcing of 3.75 Wm-2 for both experiments, the clear-sky feedback parameters ΛA 255 

for STD and LEP  are -1.33 and -0.79 Wm-2K-1 respectively, while the cloud feedback 256 

parameters ΛC are 0.21 and 0.24 Wm-2K-1. The climate sensitivities are 3.3 and 6.8 K 257 

for STD and LEP respectively.  By rearranging the equations above, we can estimate 258 

the climate sensitivity expected for a given combination of clear-sky and cloud 259 

feedback parameters, T’= (R’ – f )/( ΛA +ΛC). The STD clear-sky feedback combined 260 

with the LEP cloud feedback yields a climate sensitivity of 3.4K, while the LEP clear-261 

sky feedback combined with the STD cloud feedback yields 6.5K. Hence the 262 

difference in the clear-sky feedback between the STD and LEP experiments explains 263 

95% of the difference in their climate sensitivities. 264 

 265 

3. Discussion 266 

The radiative forcing associated with doubling CO2 from pre-industrial concentrations 267 

(in HadCM3) is 3.75 Wm-2. If the extra downward LW effect associated with SWV in 268 

the LEP2 experiment is 2.8 Wm-2, this will almost double the total radiative forcing. 269 

The effects of the extra SWV therefore explain the high sensitivity of the LEP1/2 270 

model incarnation. Our results suggest that the tropospheric feedbacks in LEP1/2 are 271 

similar to other members of the Murphy et al. (2004) ensemble, all of which have a 272 

much lower temperature response. 273 

 274 
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One can answer the question of whether the stratospheric water vapour response in 275 

LEP2 is an indirect forcing or a feedback (the latter being dependent on surface 276 

change) by plotting the evolution of the temperature at 1.5m vs the top-of-atmosphere 277 

(hence TOA) net flux in run LEP2 in the manner of Gregory et al. (2004). In their 278 

analysis, points lie along more or less a straight line with a negative gradient as the 279 

temperature warms and the net TOA flux reduces to zero. Figure 8 shows that in the 280 

first 5-10 years of model integration when the SWV is increasing in LEP2 (Figure 7), 281 

TOA flux actually increases before decreasing in line with Gregory et al. (2004). Note 282 

again that the global mean temperature anomaly in year 1 is 3K, since LEP2 was 283 

started from a STD2 initial state, not a LEP1 control state. The initial increase implies 284 

that the SWV response is neither a rapid forcing (happening on timescales of months 285 

like stratospheric adjustment to CO2 doubling) nor a simple feedback which responds 286 

linearly with temperature, but an extra nonlinear response to the warming, somewhat 287 

like a turbocharger in an engine. The behaviour we see is consistent with an additional 288 

response timescale associated the long term sources and sinks of water vapour in the 289 

stratosphere. 290 

 291 

Various methods have been used to assess the likelihood of the climate system’s 292 

sensitivity mirroring the magnitude of the LEP1/2 system; some have been based on 293 

comparing the climatology of individual ensemble members with time-averaged 294 

observations (Murphy et al. 2004; Collins et al. 2010), some exploit the observed 295 

evolution of global mean temperature (Gregory et al. 2002) while others use novel 296 

tests using different numerical weather prediction models (Rodwell and Palmer 2006). 297 

The key difference in the present work is that the process causing the large 298 

stratospheric humidity bias in LEP1 appears to be the same process that is responsible 299 
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for the water vapour increase, and hence the large temperature response, in LEP2. 300 

There is therefore a stronger case for considering the temperature response in LEP2 to 301 

be implausible. 302 

 303 

A scenario that should be considered is whether the high temperature response in 304 

LEP2 might occur in reality because of a real change in convective entrainment or 305 

other processes that significantly increase SWV in a warmer climate. There has 306 

indeed been an increasing trend in stratospheric humidity over the latter half of the 307 

20th century, which is thought to be climatically significant (Forster and Shine 2002, 308 

Solomon et al 2010). However, the trend is noisy (e.g.: Rosenlof et al. 2001), has 309 

many possible causes not related to climate warming (e.g.: Scaife et al. 2003, Joshi 310 

and Shine 2003), and at present is hard to attribute (Fueglistaler and Haynes 2005). In 311 

addition, the trend has been smaller since the year 2000 (Randel et al. 2006).  312 

 313 

Since LEP2 exhibits a radiative effect from the change in SWV that is about 80% of 314 

the CO2 forcing, one might expect that the radiative forcing associated with observed 315 

SWV changes since pre-industrial times should be a significant fraction of the 1.6 316 

Wm-2 associated with CO2 since 1860, if the real world behaved like LEP. Forster and 317 

Shine (2002) estimated a value of only 0.29 Wm-2 for stratospheric water forcing in 318 

the 20th century, and this was based on the peak trend, which has now lessened.   319 

 320 

Figure 9 shows the sensitivity of SWV at 60 hPa to 1.5m temperature in the LEP2 run. 321 

The gradient is approximately 3.7 ppmv/K during the transient phase; if such a 322 

feedback had happened in the 20th century, when globally averaged temperatures rose 323 

by 0.8K, SWV should have increased by almost 3 ppmv, which is much higher than 324 
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the observed trend (see above and Rosenlof et al 2001). We conclude that it is 325 

therefore veryunlikely that the observed trend in SWV is consistent with the 326 

LEP1/LEP2 integrations, although some SWV feedback of this nature, albeit having a 327 

much smaller magnitude, might operate under enhanced levels of CO2. Further work 328 

is required on this topic. 329 

 330 

Future research in this area should involve examining the response of the HadSM3 331 

model when multiple parameters are perturbed at the same time, given the known 332 

interaction of the low entrainment parameter with other perturbations (Rougier et al 333 

2009). The robustness of our results to multiple parameter perturbations could also be 334 

quantified in this way. For example, Rougier et al. 2009 show that relatively large 335 

values of climate sensitivity are possible in HadSM3 for much more reasonable values 336 

of the entrainment parameter. 337 

 338 

 339 

4. Conclusions 340 

We have investigated the “low-entrainment-value” parameter pre-industrial and 341 

2xCO2 climates of the HadSM3 ensemble. We find that the high sensitivity of this 342 

climate is due to a large increase in stratospheric water vapour in the 2xCO2 343 

integration. Given that this is a result of a process that also causes a very large bias in 344 

the stratospheric humidity in the present-day climate, it is very unlikely that the real 345 

climate system has a sensitivity this high for this reason.  346 

 347 

This analysis has again shown that changes to minor constituents in the stratosphere 348 

can have profound effects on the evolution of the surface climate in models. Any 349 
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future metrics of model behaviour should take account of potential biases arising from 350 

this region of the atmosphere. 351 

 352 

Finally, we note that although it is likely that the ‘physical’ climate system as 353 

represented by HadSM3 does not have a high sensitivity, our results do not preclude 354 

higher sensitivities in the full Earth system, when  carbon cycle feedbacks (not 355 

considered in this version of HadSM3) are taken into account (e.g.: Friedlingstein et 356 

al. 2006). It is entirely possible that such feedbacks add significantly to the 357 

temperature response of the Earth system for CO2 emission scenarios. Further 358 

research should be done on constraining these sorts of Earth system-type sensitivities. 359 

 360 
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Figure Captions 466 

Figure 1: time averaged zonal cross sections of specific humidity in ppmv in STD1 467 

(top), LEP1 (middle) and LEP2 (bottom). Note the different contour intervals in the 468 

two plots (2, 2, and 5 ppmv respectively). 469 

 470 

Figure 2: Top panel: time-mean temperature profiles for STD1 (solid black); STD2 471 

(dashed black); LEP1 (solid grey) and LEP2 (dashed grey); bottom panel: STD2 472 

minus STD1 (dashed black); LEP1 minus STD1 (solid grey) and LEP2 minus STD1 473 

(dashed grey). 474 

 475 

Figure 3: Top panel: RH (%) in JJA in STD1 at 200 hPa (note blue-green colours 476 

indicate largest/most positive values). Middle panel: as top panel but for LEP1. 477 

Bottom panel: as  with top panel but for LEP1 minus STD1. 478 

  479 

Figure 4: As for Figure 3 but for DJF. 480 

 481 

Figure 5: Top panel: vertical velocity ω (Pa s-1) in JJA at the 100 hPa level. Bottom 482 

panel: as top panel but at the 60 hPa level. 483 

 484 

Figure 6: The difference in net radiative fluxes across the tropopause between LEP1 485 

and STD1 (Wm-2). 486 

 487 

Figure 7: Top panel: the evolution of globally averaged 60 hPa specific humidity in 488 

time in STD1 (solid black); STD2 (dashed black); LEP1 (solid grey) and LEP2. 489 
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(dashed grey). Bottom panel: as for top but for the evolution of downward LW 490 

radiation at the tropopause. 491 

 492 

Figure 8: Anomalous net top-of-atmosphere downward flux in LEP2 vs surface 493 

temperature change during the transient phase of the integration. Each axis has had 494 

the mean value for that quantity in run LEP1 subtracted from it. Each number 495 

corresponds to the average year of the integration. Years 1-10 have biannual means 496 

plotted, while years 10-35 have quadrennial means plotted. The dashed line 497 

corresponds to the linear regression TOA = 3.6-0.5T. 498 

 499 

Figure 9: SWV at 60 hPa in LEP2 vs surface temperature during the transient phase of 500 

the integration. The x-axis has had the mean temperature in run LEP1 subtracted from 501 

it. The numbers are calculated as in Figure 8. The dashed line corresponds to the 502 

linear regression Y = 3.75T. 503 

 504 

505 
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 506 

 507 

Figure 1: time averaged zonal cross sections of specific humidity in ppmv in STD1 508 

(top), LEP1 (middle) and LEP2 (bottom). Note the different contour intervals in the 509 

two plots (2, 2, and 5 ppmv respectively). 510 

 511 

 512 

 513 

514 
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 515 

Figure 2: Top panel: time-mean temperature profiles for STD1 (solid black); STD2 516 

(dashed black); LEP1 (solid grey) and LEP2 (dashed grey); bottom panel: STD2 517 

minus STD1 (dashed black); LEP1 minus STD1 (solid grey) and LEP2 minus STD1 518 

(dashed grey) 519 

 520 

 521 

522 
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 523 

 524 

Figure 3: Top panel: RH (%) in JJA in STD1 at 200 hPa (note blue-green colours 525 

indicate largest/most positive values). Middle panel: as top panel but for LEP1. 526 

Bottom panel: as with top panel but for LEP1 minus STD1 527 

 528 

529 
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 530 

 531 

Figure 4: As for Figure 3 but for DJF 532 

 533 
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 534 

 535 

Figure 5: Top panel: vertical velocity ω (Pa s-1) in JJA at the 100 hPa level. Bottom 536 

panel: as top panel but at the 60 hPa level. 537 

 538 

 539 

540 
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 541 

 542 

Figure 6: The difference in net radiative fluxes across the tropopause between LEP1 543 

and STD1 (Wm-2) 544 

545 
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 546 

Figure 7: Top panel: the evolution of globally averaged 60 hPa specific humidity in 547 

time in STD1 (solid black); STD2 (dashed black); LEP1 (solid grey) and LEP2 548 

(dashed grey). Bottom panel: as for top but for the evolution of downward LW 549 

radiation at the tropopause 550 

 551 

 552 

553 
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 554 

Figure 8: Anomalous net top-of-atmosphere downward flux in LEP2 vs surface 555 

temperature change during the transient phase of the integration. Each axis has had 556 

the mean value for that quantity in run LEP1 subtracted from it. Each number 557 

corresponds to the average year of the integration. Years 1-10 have biannual means 558 

plotted, while years 10-35 have quadrennial means plotted. The dashed line 559 

corresponds to the linear regression TOA = 3.6-0.5T. 560 

 561 

 562 
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 564 

Figure 9: SWV at 60 hPa in LEP2 vs surface temperature during the transient phase of 565 

the integration. The x-axis has had the mean value in run LEP1 subtracted from it. 566 

The numbers are calculated as in Figure 8. The dashed line corresponds to the linear 567 

regression Y = 3.75T. 568 

 569 

 570 


