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ABSTRACT6

This study aims to understand the dynamical mechanisms driving the changes in the gen-7

eral circulation of the atmosphere due to increased carbon dioxide (CO2) by looking into the8

transient step-by-step adjustment of the circulation. The transient atmospheric adjustment9

is examined using the National Center for Atmospheric Research Community Atmospheric10

Model Version 3 coupled to a slab ocean model and the CO2 concentration in the atmosphere11

is uniformly and instantaneously doubled. The thermal structure and circulation response12

is well established after one year of integration with the magnitudes gradually increasing af-13

terwards towards quasi-equilibrium. Tropical upper tropospheric warming occurs in the first14

month. The expansion of the warming in the middle and upper troposphere to the subtrop-15

ics occurs later and is found to be primarily dynamically-driven due to the intensification of16

transient eddy momentum flux convergence and resulting anomalous descending motion in17

this region. The poleward displacement of the midlatitude tropospheric jet streams occurs18

together with the change in eddy momentum flux convergence but only after the intensifica-19

tion of the subpolar westerlies in the stratosphere. The results demonstrate the importance20

of the tropospheric eddies in setting up the extratropical tropospheric response to global21

warming.22
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1. Introduction23

As the climate warms due to increased greenhouse gases in the atmosphere, the atmo-24

spheric general circulation is expected to change. Climate model simulations have found a25

weakening of the tropical atmospheric circulation (Held and Soden 2006; Vecchi and Soden26

2007), a poleward expansion of the Hadley Cell (Lu et al. 2007), a poleward shift of the tro-27

pospheric zonal jets (Kushner et al. 2001; Lorenz and DeWeaver 2007) and the midlatitude28

storm tracks (Yin 2005) as well as a rise in tropopause height (Kushner et al. 2001; Lorenz29

and DeWeaver 2007). These circulation changes have also been noticed in observational30

analyses for recent decades (e.g., Hu and Fu 2007; Chen and Held 2007). Stratospheric31

ozone depletion in the second half of the 20th century might dominate over the role of CO232

increase in explaining Southern Hemisphere (SH) trends (Polvani et al. 2011; McLandress33

et al. 2011) and there is a possible contribution from natural variability in both hemispheres34

(e.g., Seager and Naik 2011).35

Some mechanisms have been proposed to understand the cause for the extratropical36

circulation response to global warming. Lorenz and DeWeaver (2007) suggested that the37

midlatitude circulation response is predominantly driven by a rise in tropopause height38

based on the similarities in extratropical circulation response between a simple dry general39

circulation model (GCM) when the tropopause height is raised and the global warming sim-40

ulations of models participating in the Coupled Model Intercomparison Project 3 (CMIP3)41

and assessed by the Intergovernmental Panel on Climate Change Assessment Report Four42

(IPCC AR4). Lu et al. (2008) proposed two possible mechanisms for the zonal mean circu-43

lation response to global warming by analyzing the CMIP3/IPCC AR4 models. The first44

mechanism suggests that the rising tropospheric static stability stabilizes the subtropical jet45

streams on the poleward flank of the Hadley Cell, shifting the Hadley Cell, the baroclinic46

instability zone and the midlatitude eddies poleward. The second mechanism points to the47

importance of the increased phase speed of the midlatitude eddies. They suggested that the48

strengthened midlatitude wind in the upper troposphere and lower stratosphere, as a result49
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of enhanced tropical upper tropospheric warming and/or stratospheric cooling along the50

sloped tropopause, accelerates the eastward phase speeds of the midlatitude eddies, shifting51

the subtropical breaking region and the transient eddy momentum flux convergence and sur-52

face westerlies poleward. Butler et al. (2010) prescribed a heating in the tropical troposphere53

in a simple atmospheric GCM and found similar poleward jet and storm track displacements54

as in the CMIP3/IPCC AR4 models, suggesting that the tropical upper troposphere heating55

drives the circulation response to climate change. Kidston et al. (2010, 2011) found a robust56

increase in eddy length scale in the CMIP3/IPCC AR4 models, which is possibly caused by57

increased static stability in the midlatitudes. They argued that the increase in eddy length58

scale is a possible cause of the poleward shift of the eddy-driven jets and surface westerlies59

by reducing the eddy phase speed relative to the mean flow on the poleward flank of the jets60

and shifting the dissipation and eddy source regions poleward.61

In addition, the stratosphere and coupling between the stratosphere and the tropo-62

sphere has also been found to be important in determining the circulation response in the63

troposphere to global warming. Sigmond et al. (2004) studied the climate effects of middle-64

atmospheric and tropospheric CO2 doubling separately using the European Centre Hamburg65

Model (ECHAM) middle-atmosphere climate model with prescribed sea surface tempera-66

tures (SSTs). They found strengthened Northern Hemisphere (NH) midlatitude tropospheric67

westerlies as a consequence of a uniform CO2 doubling everywhere in the atmosphere and68

attributed this mainly to the middle-atmosphere CO2 doubling.69

The mechanisms mentioned above emphasize the close link between the thermal structure70

and circulation changes to global warming and suggest the warming in the middle and upper71

troposphere and/or the cooling in the stratosphere as possible causes. The stratospheric72

cooling is caused directly by increased emission due to increased CO2 while the middle and73

upper tropospheric warming in the tropics arises from increased boundary layer temperature74

and humidity and a shift to a warmer moist adiabatic lapse rate (e.g., Hansen et al. 1984;75

Held 1993). This explanation for the tropospheric warming is essentially the same as that76
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for the enhanced tropical upper tropospheric warming during El Niños. However, in contrast77

to the broad warming response under global warming, the heating in the atmosphere during78

El Niño events is confined in the tropics and anomalous cooling occurs in the midlatitude79

troposphere induced by anomalous eddy-driven ascending motion (Seager et al. 2003). Also80

the Hadley Cell strengthens and narrows, and the tropospheric jets and midlatitude transient81

eddies shift equatorward in response to El Niños. The warming in the middle and upper82

troposphere in response to global warming, as simulated by the CMIP3/IPCC AR4 models83

(e.g., Figure 10.7 in Chapter 10 Global Climate Projections for the IPCC AR4), expands84

beyond the tropical convective region to about 40oN(S). It is not clear what causes the85

warming expansion into the extratropics.86

In this study, we investigate the transient atmospheric adjustment to an instantaneous87

doubling of CO2. The response is investigated using the National Center for Atmospheric88

Research (NCAR) Community Atmospheric Model (CAM) Version 3 coupled to a slab ocean89

model. In contrast to previous studies on the equilibrium response to global warming (e.g.,90

Hansen et al. 1984; Manabe et al. 1990; Meehl and Washington 1996; Shindell et al. 2001; Sig-91

mond et al. 2004; Held and Soden 2006; Meehl et al. 2007b; Lu et al. 2008), our work focuses92

on the transient evolution which allows an assessment of the sequence of cause and effect in93

the circulation and thermal structure response prior to establishment of a quasi-equilibrium94

state. Since the actual rate of anthropogenic CO2 increase is slow compared to the instanta-95

neous CO2 doubling in our model experiments, the instantaneous CO2 doubling framework96

may not be strictly comparable to that in the actual response to global warming in every as-97

pect. However, we demonstrate that our simulations in both transient and equilibrium states98

agree well with that from the CMIP3/IPCC AR4 models in which the CO2 concentration99

is gradually increased. Therefore we believe that the transient atmospheric adjustment to100

instantaneous CO2 doubling provides valuable insight into the actual mechanisms underlying101

the extratropical tropospheric circulation response to global warming. In the paper, the fol-102

lowing questions will be addressed: (1) What gives rise to the broad warming in the middle103
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and upper troposphere between 40oS and 40oN? (2) What are the dynamical mechanisms104

involved in the extratropical circulation response to increased greenhouse gases? First, we105

describe the model and numerical experiments in Section 2. The quasi-equilibrium response106

in thermal structure and circulation is presented in Section 3. Furthermore, Section 3 also107

presents the transient evolution step by step, and in particular, the diagnostics of the cause108

of the broad warming expansion in the extratropical middle and upper troposphere. Finally,109

a mechanism of the extratropical tropospheric circulation response to increased CO2 is pro-110

posed. Section 4 extends the analysis of the linkage between the eddy-driven vertical motion111

anomaly and the warming expansion in the subtropical middle and upper troposphere to 14112

CMIP3/IPCC AR4 coupled models. Discussions and conclusions are presented in Section113

5. In Part II of the paper, we will mainly focus on the transient, sequential, response day114

by day before the structure of the extratropical tropospheric circulation response is estab-115

lished, in particular, the perturbations in both the stratosphere and the troposphere and116

their coupling.117

2. Model Experiments118

a. Model Description119

The NCAR CAM3 is a three-dimensional atmospheric general circulation (AGCM), which120

includes the Community Land Model (CLM3), an optional slab ocean model, and a ther-121

modynamic sea ice model. There are substantial modifications in the physics and dynamics122

of CAM3 from the previous version Community Climate Model (CCM3), a detailed de-123

scription of which is in Collins et al. (2006). CAM3 includes options for Eulerian spectral,124

semi-Lagrangian, and finite-volume formulations of the dynamical equations. The imple-125

mentation of CAM3 with T85 spectral dynamics is the version used in the Community126

Climate System Model Version 3 (CCSM3), which is a fully coupled climate model for the127

CMIP3/IPCC AR4. CAM3 includes revised parameterizations of cloud condensation and128
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precipitation processes as well as for radiative processes and atmospheric aerosols. The129

changes to the model lead to a more realistic tropical upper troposphere temperature, a less130

pronounced double Intertropical Convergence Zone and an improved simulation of tropical131

continental precipitation. However, biases remain such as the underestimation of the tropical132

variability associated with the Madden-Julian oscillation, the underestimation of the implied133

oceanic heat transport in the SH, excessive midlatitude westerlies and surface stress in both134

hemispheres (Collins et al. 2006; Hurrell et al. 2006; Rasch et al. 2006).135

In this study, we use the spectral version of CAM3 with resolution T42L26 (which is136

equivalent to 2.8o × 2.8o (longitude by latitude) horizontal resolution and 26 vertical layers137

with model top at 2.917mb) coupled to a slab ocean model and a thermodynamic sea ice138

model (CAM3-SOM). The slab ocean model specifies the observed climatological monthly139

mean ocean mixed layer depths h and the monthly mean distribution of the ocean heat140

transport, Qflx (”Q flux”), which is calculated from the surface energy fluxes obtained from141

a control run with prescribed ice and SSTs (McCaa et al. 2004; Collins et al. 2004). The142

mixed layer temperature (SST) is the prognostic variable computed from the slab ocean143

model:144

ρoCph
∂SST

∂t
= Fnet + Qflx, (1)

where ρo and Cp are density and specific heat capacity of ocean water, respectively, h is145

the ocean mixed layer depth, Fnet is the net surface energy flux from the atmosphere to the146

ocean and Qflx is the prescribed ocean heat transport.147

b. Experimental Design148

A control experiment of CAM3-SOM is run for 140 years with the CO2 concentration fixed149

at 355 ppmv. The year-by-year evolution of the global annual mean surface temperature (Ts)150

is shown in Figure 1(a) (grey line) and has an average value of 288.5K. The model asymptotes151

towards an equilibrium state after approximately 40 years (not shown).152
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Using January 1st of each year of the last 100 years of the control experiment as initial153

conditions, we generated a 100-member ensemble of single and doubled CO2 pair runs. The154

1CO2 run is the same as the control experiment and keeps the CO2 level constant at 355155

ppmv and is integrated forward for 22 years. The double CO2 experiment is a branch model156

run lasting for 22 years as well and doubles the CO2 concentration instantaneously to 710157

ppmv at the beginning of the experiment (on January 1st) (2CO2 run). The difference158

between the 1CO2 run and the instantaneous 2CO2 run provides the atmospheric response159

to an instantaneous doubling of CO2. The ensemble average across the 100 runs to a large160

extent removes the model’s internal variability and allows for an assessment of the day-to-161

day adjustment of the atmospheric general circulation. Several variables such as zonal and162

meridional winds, temperature and specific humidity are output daily for the first two years163

of the model integration. This methodology has been applied successfully to the study of164

cause and effect in the tropospheric response to El Niño SST anomalies (Seager et al. 2009,165

2010a,b; Harnik et al. 2010).166

3. Results167

a. Global Mean Response168

Figure 1 shows the year-by-year evolution of the global annual mean Ts for the 1CO2169

runs (blue lines) and the 2CO2 runs (red lines), for 10 of the 100 ensemble runs. The global170

annual mean Ts immediately increases by about 0.5 K in the first year after the doubling of171

CO2 on January 1st. After about 20 years, the 2CO2 runs reach an equilibrium state with172

Ts asymptoting towards an increase of 2.2 K (shown in Fig. 1(a)(b)).173

The CO2 forcing and the model’s climate sensitivity are also examined in the 2CO2174

runs. Following Gregory et al. (2004), a scatterplot of the ensemble mean change in global175

annual mean Ts and the change in global annual mean net radiative flux at the top of the176

atmosphere (TOA) for the 22 years of integration is shown in Figure 2. The intercept of the177
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regression line provides an estimate for the CO2 forcing at the time of doubling F2× = 3.33178

W/m2 and the slope indicates the climate response parameter α = 1.54 W/m2/K. In Gregory179

and Webb (2008), they found a doubled CO2 forcing of 2.93 ± 0.23 W/m2 and a climate180

feedback parameter of 1.1 W/m2/K for the CCSM3 T85 slab ocean model. The two results181

generally agree with each other despite different horizontal resolutions.182

b. Equilibrium Response183

As shown in Figure 1, the 2CO2 simulations reach equilibrium after about 20 years.184

Figure 3 shows the equilibrium response in zonal mean temperature (T ), zonal wind (u),185

transient eddy momentum flux (�u�v�� = �uv� − �ūv̄� 1) and variance of transient meridional186

velocity (�v�v�� = �vv� − �v̄v̄�) averaged over 100 ensemble members in year 22 for January-187

February-March (JFM) and June-July-August (JJA), where bars denote monthly averages188

and brackets denote zonal averages. The colors show the difference between the 2CO2 runs189

and the 1CO2 runs and the contours show the climatological response from the 1CO2 runs.190

The 95% significance level among the 100 ensemble runs is plotted in grey dots. We also191

estimated the tropopause height as the lowest pressure level at which the temperature lapse192

rate decreases to 2 K/km following the algorithm in Reichler et al. (2003). Figure 3(a) shows193

the tropopause level for the 1CO2 (2CO2) runs in green (dashed magenta) lines. As expected,194

the troposphere warms everywhere with a maximum in the tropical upper troposphere, and195

the stratosphere cools due to additional radiation emission to space. The tropopause height196

associated with the temperature increase (decrease) in the troposphere (stratosphere) rises197

by about 5-10mb in the tropics and 10-20mb in the extratropics, which is broadly consistent198

with Lu et al. (2008). The zonal mean zonal wind response shows a prominent acceleration199

in the upper troposphere and the stratosphere in both seasons and both hemispheres with200

the exception of a strong reduction in stratospheric polar jets in JJA in the SH. The zonal201

wind response in the middle and lower troposphere is less obvious but in the SH there is202

1Without band-pass filtering.
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a clear poleward shift in the tropospheric jet streams and an intensification of about 0.5203

m/s on the poleward side of the climatological jets. In the NH, there is a weak poleward204

shift. These features in equilibrium zonal wind response are also true for the NCAR CCSM3205

coupled model simulations (not shown).206

The responses in transient eddy momentum flux and variance of meridional velocity207

include a prominent poleward and upward shift, especially in the upper troposphere and208

lower stratosphere. There is also an intensification in �u�v�� on the poleward side of the209

climatological maxima (NH) and minima (SH), which agrees well with that simulated in the210

CMIP3/IPCC AR4 coupled models (e.g., Lu et al. 2008; Wu et al. 2010). The change in211

�v�v�� is also broadly consistent with that simulated in the CMIP3/IPCC AR4 models (e.g.,212

Yin 2005; Wu et al. 2010; O’Gorman 2010) except the areas of reduction in �v�v�� on the213

equatorward flank of the climatological maxima are more pronounced in our experiments.214

Part of the difference may be due to the lack of a band-pass filter.215

The response in transient eddies agrees well with the temperature anomaly and the216

change in linear baroclinic instability in CAM3-SOM. The largest increase in meridional217

temperature gradient occurs in the midlatitude upper troposphere and lower stratosphere.218

This is consistent with the strengthened transient eddies in this region. The close linkage219

between the thermal structure change and the circulation response to increased greenhouse220

gases has also been found in other studies (e.g., Yin 2005; Wu et al. 2010; O’Gorman 2010;221

Butler et al. 2010). Because neither daily variables nor monthly covariances in the NCAR222

CCSM3 coupled model are available for the CMIP3/IPCC AR4 experiments, the transient223

eddy activity and its future projections in the coupled model can’t be assessed and compared224

with our results.225
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c. Transient Atmospheric Adjustment and Dynamics226

1) Transient Response227

Figures 4, 5 and 6 show the month-by-month evolution of �T̄ �, �ū� and �u�v�� during228

the first year after the CO2 concentration is instantaneously doubled on January 1st. The229

temperature structure and circulation response in the atmosphere are well established during230

the first year. For example, the pattern correlation between year 1 and year 22 in �ū� is231

above 0.6 for all months (not shown). The stratospheric cooling in December of year 1 is232

already similar to that of the equilibrium response (shown in Fig. 3(a)). The tropospheric233

temperature adjustment also resembles that in equilibrium with a prominent warming in234

the tropical middle and upper troposphere albeit with lesser magnitude. The stratosphere235

responds to the CO2 doubling almost instantaneously and cools by about 2 K in January. The236

response in the troposphere is slower because of the delay associated with the warming of the237

oceans followed by transmission of the warming into the troposphere by moist convection and238

radiation. The middle and upper troposphere in the extratropics only warms up by about 0.5239

K in March. The change in tropopause height is quite small in year 1 with the climatological240

1CO2-run and 2CO2-run tropopause heights basically overlaping. The tropopause level, in241

general, rises by about 2mb except for about 10mb in the NH high latitudes in March of242

year 1. The westerlies in the stratosphere in both hemispheres intensify strongly and the243

tropospheric zonal jets shift poleward after March of year 1. This then persists in the SH244

but weakens due to seasonal variation in the NH. The response in transient eddy momentum245

flux in the troposphere gets stronger on the poleward side of the climatological jets starting246

from March of year 1. Similar to the change in tropospheric jets, the strengthening of the247

transient eddies occurs persistently throughout the year in the SH but has a notable seasonal248

variation in the NH.249

Figure 7(a)(b) show the day-by-day evolution of the zonal mean temperature and zonal250

wind averaged over 30oN to 70oN from January 1st to April 30th of year 1 as a function of time251
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and pressure levels. The average over 30oS to 70oS is shown in Figure 7(c)(d). The response252

is robust for different choices of latitudinal bands. A 5-day running average has been applied253

to the variables. The cooling in the stratosphere occurs first in the upper stratosphere254

and extends to the lower stratosphere in about a month. The substantial warming (0.5255

K) in the middle and upper troposphere takes place in early March. The eastward zonal256

wind anomaly clearly begins in the upper stratosphere and then gradually moves downward257

into the lower stratosphere and the troposphere with the whole process taking about 100258

days. The succession of events, first happening in the stratosphere and subsequently in the259

troposphere, resembles that in observations of subseasonal to seasonal variability (Baldwin260

and Dunkerton 2001) as well as in the ”downward control” theory (Haynes et al. 1991).261

Figure 8 shows the day-by-day response in �T̄ �, �ū�, sub-monthly and high-frequency262

eddy momentum flux convergence as a function of time and latitude in January-February-263

March-April of year 1. The variables are averaged over the middle and upper troposphere264

from 150mb to 500mb and a 10-day running average is applied. The eddy momentum265

flux convergence is defined as − 1
acos2φ

∂(�uv�−�u��v�)cos
2
φ

∂φ
, and its high-frequency (transient)266

component, denoted by − 1
acos2φ

∂�uHvH�cos
2
φ

∂φ
, retains the variability with time scales of 2-8267

days2. As shown in Fig. 8(a), the warming of the middle and upper troposphere first occurs268

in the tropics and then extends to the subtropics around and beyond 40oN(S) in early March.269

Almost simultaneously the jet in the middle and upper troposphere is displaced poleward270

with a reduction in zonal wind equatorward of 40oN(S) and an intensification poleward of271

40oN(S) (shown in Fig. 8(b)). The change in eddy momentum flux convergence, and in272

particular, its high-frequency component, shows a similar transition with a dipole pattern273

starting from early March of year 1 (shown in Figs. 8(c)(d)). The following section will274

diagnose the cause of the subtropical warming tendency (diabatic vs. adiabatic) in the275

middle and upper troposphere focusing on March of year 1.276

2The time filter used here is a standard 21-point two-sided band-pass filter. It skips the first and last 10

days in the time series of daily eddy momentum flux convergence.
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2) CAM3-SOM 2CO2 thermodynamics diagnostics277

As mentioned above, the middle and upper troposphere starts to warm up in the sub-278

tropics by about 0.5 K in March of year 1. Here we diagnose the primary cause of this279

expansion of warming by looking into the zonal mean temperature budget following Seager280

et al. (2003):281

∂
�
T̄

�

∂t
= −

�
�v̄�
a

∂
�
T̄

�

∂φ
+ �ω̄�

�∂
�
T̄

�

∂p
− R

Cp

�
T̄

�

p

��

� �� �
(a) MMC

− 1

acosφ

∂

∂φ

��
�vT � − �v̄��T̄ �

�
cosφ

�
− ∂

∂p

�
�ωT � − �ω̄��T̄ �

�
+

R

Cp

1

p

�
�ωT � − �ω̄��T̄ �

�

� �� �
(b) Eddies

+
�Q̄�
Cp� �� �

,

(c) Diabatic Heating (2)

where the temperature tendency is divided into contributions from (a) the mean meridional282

circulation (MMC), (b) the transient and stationary eddies and (c) the total diabatic heating283

Q. The diabatic heating term is the sum of the temperature tendency (T-tendency) due to284

horizontal diffusion and vertical diffusion, solar heating rate, longwave heating rate, and285

the heating resulting from shallow, deep-convective, and large-scale condensation processes.286

Other terms such as the T-tendency due to orographic gravity wave drag and kinetic energy287

(KE) dissipation are not saved and are neglected in our analysis. However, due to the288

reformulation of the parameterized heating since CAM2 in order to conserve energy in the289

model, the KE dissipation term in the surface layer is large (≈ 0.9 K/day) and maximizes290

in the midlatitude oceanic storm track region where the surface stress is large (Boville and291

Bretherton 2003). This KE dissipation term results in some discrepancies in the balance in292

the zonal mean temperature equation in the surface layer (not shown).293

Figure 9 shows the latitude-pressure level plot of the net temperature tendency (∂�T̄ �
∂t

)294

(Fig. 9(a)), the temperature tendency computed from the RHS of Equation 2 (Fig. 9(b)),295

12



the temperature tendencies due to the MMC (Fig. 9(c)), the eddies (Fig. 9(d)) and the total296

diabatic heating (Fig. 9(f)), separately, during March of year 1. In addition, Figure 9(e)297

shows the total dynamical contribution, computed as the sum of the MMC and the eddies298

(Fig. 9(c) and 9(d)). The colors show the difference between the 2CO2 runs and the 1CO2299

runs and the contours show the results from the 1CO2 runs. The net temperature tendency300

(in unit of [K/month]) is estimated as the temperature difference from March 1st to March301

31st, which shows a warming tendency in the subtropical middle and upper troposphere302

from 200mb to 500mb and from 20oN to 45oN (indicated by the black box in Fig. 9) as303

well as a warming tendency poleward of 50oN. Figure 9(b), in colors, shows the matching304

temperature tendency computed from the RHS of Equation 2, which, away from the surface,305

is in good agreement with the actual tendency shown in Fig. 9(a). A comparison between306

Figs. 9(e) and 9(f) shows that the thermodynamical and dynamical contributions are always307

opposing each other and it is the dynamical part that leads to the warming tendency in the308

subtropical middle and upper troposphere. More specifically, the adiabatic warming in the309

subtropical middle and upper troposphere comes from the anomalous downward vertical310

motion (Fig. 9(c)) and is opposed by the change in transient eddy heat transport (Fig.311

9(d)) and, at lower levels, diabatic heating (Fig. 9(f)). The anomalous downward vertical312

motion in the subtropical region, in fact, tends to reduce the low-level cloud cover and the313

condensational heating rate (not shown) and, hence, the total diabatic heating in the region.314

The polar warming at northern high latitudes is caused by the increased diabatic heating, in315

particular, the increased longwave radiative heating as a result of increased greenhouse gases316

(Fig. 9(f)). The temperature tendency diagnosis demonstrates that the warming expansion317

beyond the tropical convective region is mainly dynamically driven and thermodynamically318

opposed with the circulation change preceding the tropospheric temperature change.319

In order to identify the cause for the anomalous vertical motion in the subtropics, we have320

computed the eddy-driven vertical motion ωeddy. It is derived using the continuity equation321

and the balance between the Coriolis torque and the momentum flux convergence, which is322
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the dominant balance in the extratropics in the zonal momentum equation, following Seager323

et al. (2003):324

�ω̄eddy(p)� = �ω̄(po)� −
1

acosφ

∂

∂φ
×

�
p

po

1

acosφ

1

f + a−1�ū�tanφ

∂

∂φ

�
�u�v��cos2φ

�
dp, (3)

where po is taken to be 100mb. This is, in fact, the downward motion controlled by the325

wave forcing above in the ”downward control” principle in Haynes et al. (1991) except in326

the conventional Eulerian framework. The eddy-induced motion ωeddy was computed at all327

pressure levels using �ū� and �u�v�� from the model output3. Figure 10 shows ωeddy computed328

from Equation 3 and the actual vertical motion ω from the model output in March of year329

1 (Note, the values of ωeddy are large in the surface layer because of neglect of surface330

friction.). In both hemispheres there is reasonable agreement in the meridional structure331

of the actual vertical velocity and the eddy-induced vertical velocity away from the tropics332

in both the climatological 1CO2 runs (shown in contours) and the 2CO2-run anomalies333

(shown in colors). The anomaly in ωeddy is primarily attributed to the change in �u�v��. As334

shown in Fig. 10(b), there is an anomalous ascending motion in the NH tropics driven by335

enhanced tropical convective heating following the CO2 increase which is consistent with336

the increased diabatic heating in the region (Fig. 9(f)). In the NH subtropics (between337

30oN and 45oN), there is a descending motion anomaly which also shows up in the change338

in ωeddy. This indicates that the anomalous downward motion is primarily driven by the339

enhanced transient eddy momentum flux convergence. The Hadley Cell expansion as found340

in CMIP3/IPCC AR4 coupled models (Lu et al. 2007) is also presumably related to the341

changing transient eddies in this region.342

The heating anomaly in the subtropical middle and upper troposphere in this model343

experiment is induced by the dynamical circulation change rather than vice versa. It is344

the enhanced transient eddy momentum flux convergence in response to increased CO2 that345

causes anomalous descending motion and adiabatic heating in the subtropical middle and346

upper troposphere. The dynamics of the changing transient eddies is closely connected with347

3There is a cos φ term missing in the denominator of Equation (7) in Seager et al. (2003).
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the response in the stratosphere and coupling between the stratosphere and the troposphere,348

and this will be further investigated in Part II.349

d. Possible Dynamical Mechanisms350

Based on the above diagnostic work, we propose a possible dynamical mechanism for the351

extratropical circulation response to increased CO2 with the following sequence:352

(1) The CO2 doubling gives rise to a westerly zonal wind anomaly in the stratosphere.353

(2) The westerly acceleration in the lower stratosphere and upper troposphere changes354

the propagation of baroclinic eddies, leading to enhanced transient eddy momentum flux355

convergence between 40oN(S) and 60oN(S).356

(3) The increased transient eddy momentum flux convergence drives an anomalous mean357

meridional circulation in the troposphere as well as a poleward displacement of the tropo-358

spheric jets.359

(4) The induced anomalous descending motion in the subtropical middle and upper tro-360

posphere leads to an adiabatic heating anomaly and thus a broad warming expansion beyond361

the tropical convective region. The subtropical warming allows adjustment to thermal wind362

balance with the poleward shifted jets.363

A schematic figure showing the hypothesized sequence of the dynamical response is364

shown in Figure 11. Other mechanisms are also possible. For example it is expected that365

the increase in tropopause height could cause an increase in the length scale of transient366

eddies which has been associated with a poleward jet shift (Williams 2006). The dynamical367

mechanisms of the transient adjustment and their cause and effect, explaining all possibilities,368

will be analyzed in detail in Part II.369

15



4. Eddy-Driven Vertical Motion in CMIP3/IPCC AR4370

Coupled Models371

The work so far has demonstrated the importance of the eddy-driven vertical motion in372

inducing the warming anomaly in the middle and upper troposphere from our instantaneous373

CO2 doubling experiments in CAM3-SOM. This section extends the work to an ensemble of374

CMIP3/IPCC AR4 coupled models (Meehl et al. 2007a) and shows that the above conclu-375

sions also apply in these models. Because the CMIP3/IPCC AR4 SRES A1B experiments376

are quasi-equilibrium runs and the diabatic heating term is not available in the standard377

output, we can’t examine the causality sequence or close the zonal mean temperature equa-378

tion as in previous section. Instead we calculate the eddy-driven vertical motion ωeddy from379

Equation (3) using the transient eddy momentum flux �u�v�� from model output and com-380

pare it to the total vertical motion ω. Table 1 lists the 14 models used in this analysis.381

These models are chosen based on the availability of daily variables for both the 20C3M382

runs (1961-2000) and the SRES A1B runs (2081-2100). They are the same models analyzed383

in Seager et al. (2010c) except for the Institute for Numerical Mathematics Climate Model,384

Version 3.0 (INMCM3.0) which has no available output for 2081-2100. The late 21st century385

trend is defined as the difference between 2081-2100 and 1961-2000.386

Figure 12 shows the multi-model annual average of �T̄ �, �ū�, �u�v��, �uHvH�, �ω̄eddy�387

and �ω̄� for the 1961-2000 climatology (shown in black contours) and the late 21st cen-388

tury trend (shown in colors) in the troposphere from 200mb4 to 1000mb. The high-pass389

filter again retains the variability of time scale 2-8 days. As is expected, there is a broad390

temperature increase in the whole troposphere. For example, the 4K temperature increase391

extends to about 40oS and 50oN. Both the tropospheric jets and (high-frequency) transient392

eddy momentum flux shift poleward with an intensification on the poleward flank. There393

is also an anomalous downward motion in the subtropics between 30oN(S) and 50oN(S).394

4Daily atmosphere data are output to standard levels up to 200mb.
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The agreement between ωeddy and ω in both the location and amplitude supports the idea395

that the descending motion anomaly is driven by the enhanced transient eddy momentum396

flux convergence, primarily via the high-frequency component. This is a robust feature for397

each of these 14 models except for the IAP FGOALS. Therefore, the linkage between the398

eddy-driven vertical motion anomaly and the subtropical warming expansion in the middle399

and upper troposphere is consistent with the CAM3-SOM results although the cause and400

effect can’t be assessed for the CMIP3/IPCC AR4 models.401

5. Discussions and Conclusions402

We have explored the transient evolution of the atmospheric adjustment to an instanta-403

neous doubling of CO2 concentration. The sequence in the general circulation response in404

the atmosphere helps reveal the dynamical mechanisms underlying the equilibrium circula-405

tion response, for example, the poleward expansion of the Hadley Cell (Lu et al. 2007), and406

the poleward shift of the tropospheric jets and storm tracks (e.g., Kushner et al. 2001; Yin407

2005) as found in CMIP3/IPCC AR4 models. In contrast to previous studies suggesting408

that the thermal forcing in the tropical upper troposphere drives the tropospheric circula-409

tion response (e.g., Lu et al. 2008; Butler et al. 2010), our results indicate that the broad410

warming expansion in the subtropical middle and upper troposphere is a consequence of411

the circulation change. Enhanced transient eddy momentum flux convergence in the lower412

stratosphere and upper troposphere, possibly originating from the stratospheric westerly413

acceleration, drives an anomalous mean meridional circulation in the troposphere. The in-414

duced anomalous descending motion in the subtropical middle and upper troposphere warms415

the air adiabatically. Afterwards the subtropical warming and the poleward displacement of416

the jets and the baroclinic eddies can potentially feed back positively onto each other via a417

poleward shift in eddy generation region, leading to a further poleward shift of the jets and418

the eddies and a further warming expansion in the subtropical troposphere.419
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Our results also show the sequence of the zonal wind anomaly in the vertical column420

of the atmosphere, indicating that the poleward displacement of the tropospheric jets fol-421

lows the subpolar westerly anomaly in the stratosphere. It suggests the importance of the422

stratosphere, and the coupling between the stratosphere and the troposphere, in regulating423

the extratropical tropospheric circulation response to increasing CO2. A detailed analysis of424

the stratospheric response and the stratosphere-troposphere coupling, including how the re-425

sponse ’propagates’ downward into the troposphere and how the eddies respond step-by-step426

will be further examined in Part II. It is noted here that our study intends to understand427

the circulation response and the dynamical mechanisms in CMIP3/IPCC AR4-like models428

albeit most of the models have poorly resolved stratospheres. Some studies have argued that429

a well resolved stratosphere is required to reproduce the observations (e.g., Shindell et al.430

1999; Sassi et al. 2010). On the other hand, Sigmond et al. (2008) suggested that the at-431

mospheric circulation response to CO2 doubling does not necessarily require a well-resolved432

stratosphere but rather a realistic simulation of the zonal wind strength in the middle and433

high latitude lower stratosphere. The zonal mean zonal wind in CAM3 agrees with reanalysis434

data in this region. The circulation response to a CO2 doubling in both the troposphere and435

the stratosphere in our results also agrees to a large extent with those from previous stud-436

ies, which used models with much finer vertical resolution in the middle atmosphere (e.g.,437

Shindell et al. 2001; Sigmond et al. 2004). However, a model lid in the mid-stratosphere is438

known to impact the vertical propagation of stationary planetary scale waves during north-439

ern hemisphere winter (Shaw and Perlwitz 2010; Sassi et al. 2010). Assessing the transient440

and equilibrium responses to CO2 doubling in a model with high vertical resolution and441

a high model lid height is the subject of future investigation. Finally, as our experiments442

double the CO2 concentration on January 1st, it would be interesting to change the time443

of CO2 doubling and see if the model responds differently. A set of experiments with an444

instantaneous CO2 doubling on July 1st is currently under investigation.445
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List of Tables573

1 14 IPCC AR4 coupled models and their resolution for the atmospheric com-574

ponent used in this study. 26575
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Table 1. 14 IPCC AR4 coupled models and their resolution for the atmospheric component
used in this study.

Model Atmospheric Resolution
CCCma CGCM3.1 T47 T47L31
CCCma CGCM3.1 T63 T63L31
CNRM-CM3 T63L45
CSIRO Mk3.5 T63L18
GFDL CM2.0 2.5o×2oL24
GFDL CM2.1 2.5o×2oL24
GISS-AOM 4o×3oL12
GISS-ER 5o×4oL20
IAP FGOALS T42L26
IPSL CM4A 2.5o×3.75oL19
MIUBECHOG T30L19
MIROC3.2(medres) T42L20
MPI ECHAM5 T63L31
MRI CGCM2.3 T42L30
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List of Figures576

1 The global annual mean surface temperature Ts for the control experiment577

for 140 years (grey lines), 10 of the 100 1CO2 climatological runs (each for578

22 years) (blue lines) and instantaneous 2CO2 runs (each for 22 years) (red579

lines) (a). Same for (b) except that they are shifted to the same starting year580

(year 1) and last for 22 years. 30581

2 Scatter plot for the ensemble mean change in global annual mean surface582

temperature Ts and the change in global annual mean net radiative flux at583

the top of the atmosphere (TOA) for the 22 years of integration. It provides584

an estimate for the doubling CO2 forcing F2× = 3.33 W/m2 and the climate585

sensitivity of about 2.2 K. 31586

3 The equilibrium response to a CO2 doubling in (a)(b) �T̄ �, (c)(d) �ū�, (e)(f)587

�u�v�� and (g)(h) �v�v�� averaged over 100 members in January-February-588

March (JFM) (left) and June-July-August (JJA) (right) as a function of lati-589

tude and pressure level (mb). The tropopause level is plotted in green (dashed590

magenta) lines for the 1CO2 (2CO2) runs. The colors show the difference be-591

tween the 2CO2 and the 1CO2 runs and the contours show the climatology.592

The contour intervals are 20 K for (a)(b), 10 m/s for (c)(d), 10 m2/s2 for593

(e)(f) and 50 m2/s2 for (g)(h). The grey dots indicate the 95% significance594

level for the difference. 32595
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4 The monthly transient response in year 1 after the instantaneous doubling of596

CO2 on January 1st in zonal mean T , averaged over 100 ensemble members as597

a function of latitude (degree) and pressure level (mb). The color contours are598

the difference between the 2CO2 runs and the 1CO2 runs and the thick black599

contours are the zero value lines. The tropopause height is plotted in thick600

green (dashed magenta) lines for the 1CO2 (2CO2) runs. The grey shadings601

show the 95% significance level. The red (dashed blue) contour intervals are602

0.25 K for positive values and −1 K for negative values. 33603

5 Same as Figure 4 for but the monthly transient response in zonal mean zonal604

wind. The contour interval is 0.5 m/s. 34605

6 Same as Figure 4 for but the monthly transient response in zonal mean tran-606

sient eddy momentum flux (�u�v��). The contour interval is 1 m2/s2. 35607

7 The transient day-by-day response to CO2 doubling in zonal mean temper-608

ature and zonal wind averaged between 30oN and 70oN (a)(b) and between609

30oS and 70oS (c)(d). It is shown as a function of days from January 1st610

to April 30th and pressure levels (mb). A 5-day running average has been611

applied for plotting. The contour intervals are 0.25 K (0.5 K) for positive612

(negative) values in (a)(c) and 0.5 m/s for (b)(d). 36613

8 The transient day-by-day response in January-February-March-April (JFMA)614

of year 1 in zonal mean (a) temperature, (b) zonal wind, (c) eddy momentum615

flux convergence, and (d) high-pass filtered eddy momentum flux convergence616

(defined in text) as a function of days and latitudes. They are averaged in the617

middle and upper troposphere from 150mb to 500mb, and a 10-day running618

average is applied. Latitude of 40oN(S) is highlighted in dashed lines. The619

contour intervals are (a) 0.25 K, (b) 0.25 m/s and (c)(d) 0.25 m/s/day. 37620
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9 (a) The actual zonal mean temperature tendency (T-tendency) [K/month]621

(∂�T̄ �
∂t

), (b) the T-tendency in sum of (c)(d)(f), T-tendencies due to (c) mean622

meridional circulation (MMC), (d) total eddies (stationary and transient ed-623

dies) and (f) total diabatic heating. (e) T-tendency due to the dynamics which624

is sum of (c) and (d). The plots are all for March of year 1. The contours and625

colors in (a) and (b) both show the instantaneous 2CO2 response with contour626

interval of 0.3 K/month. The colors in (c)(d)(e)(f) show the instantaneous627

2CO2 response with the black contours the climatological response from the628

1CO2 runs. 38629

10 (a) The transient eddy driven vertical motion ωeddy [mb/day] and (b) the630

actual vertical motion ω [mb/day] from model output in March of year 1.631

The contours show the response from the climatological 1CO2 runs and the632

colors show the difference between the 2CO2 runs and the 1CO2 runs. The633

contour interval is 5 mb/day. The positive (negative) values denote downward634

(upward) motion. 39635

11 Summary of the proposed mechanisms causing the tropospheric extratropical636

circulation response to increased CO2 concentration. 40637

12 The late 21st century trend in annual and zonal mean (a) T [K], (b) u [m/s], (c)638

transient eddy momentum flux �u�v�� [m2/s2], (d) high-pass filtered transient639

eddy momentum flux �uHvH� [m2/s2], (e) eddy-driven vertical motion �ω̄eddy�640

[mb/day] and (f) model output �ω̄� [mb/day] averaged in 14 CMIP3/IPCC641

AR4 coupled models. The black contours show the average of 1961-2000 and642

the color contours (shadings) show the difference between 2081-2100 (SRES643

A1B) and 1961-2000. The color scale in (e)(f) is the same as in Figure 10.644

It is noted that the pressure level is up to 200mb due to availability of daily645

variables. 41646
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Fig. 1. The global annual mean surface temperature Ts for the control experiment for 140
years (grey lines), 10 of the 100 1CO2 climatological runs (each for 22 years) (blue lines) and
instantaneous 2CO2 runs (each for 22 years) (red lines) (a). Same for (b) except that they
are shifted to the same starting year (year 1) and last for 22 years.
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Fig. 2. Scatter plot for the ensemble mean change in global annual mean surface temperature
Ts and the change in global annual mean net radiative flux at the top of the atmosphere
(TOA) for the 22 years of integration. It provides an estimate for the doubling CO2 forcing
F2× = 3.33 W/m2 and the climate sensitivity of about 2.2 K.
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Fig. 3. The equilibrium response to a CO2 doubling in (a)(b) �T̄ �, (c)(d) �ū�, (e)(f) �u�v��
and (g)(h) �v�v�� averaged over 100 members in January-February-March (JFM) (left) and
June-July-August (JJA) (right) as a function of latitude and pressure level (mb). The
tropopause level is plotted in green (dashed magenta) lines for the 1CO2 (2CO2) runs. The
colors show the difference between the 2CO2 and the 1CO2 runs and the contours show the
climatology. The contour intervals are 20 K for (a)(b), 10 m/s for (c)(d), 10 m2/s2 for (e)(f)
and 50 m2/s2 for (g)(h). The grey dots indicate the 95% significance level for the difference.
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Fig. 4. The monthly transient response in year 1 after the instantaneous doubling of CO2

on January 1st in zonal mean T , averaged over 100 ensemble members as a function of
latitude (degree) and pressure level (mb). The color contours are the difference between the
2CO2 runs and the 1CO2 runs and the thick black contours are the zero value lines. The
tropopause height is plotted in thick green (dashed magenta) lines for the 1CO2 (2CO2)
runs. The grey shadings show the 95% significance level. The red (dashed blue) contour
intervals are 0.25 K for positive values and −1 K for negative values.
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Fig. 5. Same as Figure 4 for but the monthly transient response in zonal mean zonal wind.
The contour interval is 0.5 m/s.
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Fig. 6. Same as Figure 4 for but the monthly transient response in zonal mean transient
eddy momentum flux (�u�v��). The contour interval is 1 m2/s2.
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Fig. 7. The transient day-by-day response to CO2 doubling in zonal mean temperature and
zonal wind averaged between 30oN and 70oN (a)(b) and between 30oS and 70oS (c)(d). It
is shown as a function of days from January 1st to April 30th and pressure levels (mb). A
5-day running average has been applied for plotting. The contour intervals are 0.25 K (0.5
K) for positive (negative) values in (a)(c) and 0.5 m/s for (b)(d).
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Jan-Feb-Mar-Apr yr1 [150mb 500mb]
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(c) Eddy Momentum Flux Conv.
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(d) High-Freq. Eddy Momentum Flux Conv.
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Fig. 8. The transient day-by-day response in January-February-March-April (JFMA) of
year 1 in zonal mean (a) temperature, (b) zonal wind, (c) eddy momentum flux convergence,
and (d) high-pass filtered eddy momentum flux convergence (defined in text) as a function
of days and latitudes. They are averaged in the middle and upper troposphere from 150mb
to 500mb, and a 10-day running average is applied. Latitude of 40oN(S) is highlighted in
dashed lines. The contour intervals are (a) 0.25 K, (b) 0.25 m/s and (c)(d) 0.25 m/s/day.
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(a) ∂〈T̄ 〉
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Fig. 9. (a) The actual zonal mean temperature tendency (T-tendency) [K/month] (∂�T̄ �
∂t

),
(b) the T-tendency in sum of (c)(d)(f), T-tendencies due to (c) mean meridional circulation
(MMC), (d) total eddies (stationary and transient eddies) and (f) total diabatic heating. (e)
T-tendency due to the dynamics which is sum of (c) and (d). The plots are all for March of
year 1. The contours and colors in (a) and (b) both show the instantaneous 2CO2 response
with contour interval of 0.3 K/month. The colors in (c)(d)(e)(f) show the instantaneous
2CO2 response with the black contours the climatological response from the 1CO2 runs.
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(a) ωeddy (b) ω
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Fig. 10. (a) The transient eddy driven vertical motion ωeddy [mb/day] and (b) the actual
vertical motion ω [mb/day] from model output in March of year 1. The contours show the
response from the climatological 1CO2 runs and the colors show the difference between the
2CO2 runs and the 1CO2 runs. The contour interval is 5 mb/day. The positive (negative)
values denote downward (upward) motion.
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Fig. 11. Summary of the proposed mechanisms causing the tropospheric extratropical cir-
culation response to increased CO2 concentration.
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(a) 〈T̄ 〉 (b) 〈ū〉
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(e) 〈ω̄eddy〉 (f) 〈ω̄〉
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Fig. 12. The late 21st century trend in annual and zonal mean (a) T [K], (b) u [m/s], (c)
transient eddy momentum flux �u�v�� [m2/s2], (d) high-pass filtered transient eddy momen-
tum flux �uHvH� [m2/s2], (e) eddy-driven vertical motion �ω̄eddy� [mb/day] and (f) model
output �ω̄� [mb/day] averaged in 14 CMIP3/IPCC AR4 coupled models. The black contours
show the average of 1961-2000 and the color contours (shadings) show the difference between
2081-2100 (SRES A1B) and 1961-2000. The color scale in (e)(f) is the same as in Figure 10.
It is noted that the pressure level is up to 200mb due to availability of daily variables.
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