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ABSTRACT4

We propose a new relationship between the surface distribution of equivalent potential5

temperature and the potential temperature at the tropopause. Using a Gaussian approxima-6

tion for the distribution of equivalent potential temperature, we argue that the tropopause7

potential temperature is approximately given by the mean equivalent potential tempera-8

ture at the surface plus twice its standard derivation. This relationship is motivated by the9

comparison of the meridional circulation on dry and moist isentropes. It is further tested10

using four reanalysis datasets: the ERA-Interim Reanalysis, the NCEP/DOE Reanalysis II,11

the NCEP Climate Forecast System Reanalysis and the 20th Century Reanalysis version12

2. The proposed relationship successfully captures the annual cycle of the tropopause, for13

both hemispheres. The results are robust among different reanalysis datasets albeit the14

20th Century Reanalysis tends to over-estimate the tropopause potential temperature. Fur-15

thermore, the proposed mechanism also works well in obtaining the inter-annual variability16

(with climatological annual cycle removed) for Northern Hemisphere summer with above17

0.6 correlation across different reanalyses. On the contrary, this mechanism is rather weak18

in explaining the inter-annual variability in the Southern Hemisphere and no longer works19

for Northern Hemisphere wintertime. This work suggests the important role of the moist20

dynamics in determining the midlatitude tropopause.21
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1. Introduction22

The tropopause is usually defined as the transition region that separates the stably23

stratified stratosphere and the turbulent troposphere. It also corresponds to a sharp gradient24

in the concentration of various chemical constituents such as water vapor and ozone. As25

such, the location of tropopause is of fundamental importance for our understanding of the26

general circulation of the atmosphere. Held (1982) proposed a qualitative theory for the27

height of the tropopause and the tropospheric static stability by separating the dynamically28

constrained troposphere from the largely radiatively determined stratosphere. Assuming29

that the stratosphere is close to radiative equilibrium and the troposphere has a constant30

temperature lapse rate, one can obtain a radiative constraint between the height of the31

tropopause and the static stability of the troposphere. Provided a dynamical constraint32

relating the tropopause height and the tropospheric lapse rate, one is able to solve for these33

two quantities.34

In the tropics, the dynamical constraint is relatively well understood and is given by the35

fact that the tropospheric lapse rate is close to moist adiabat due to the dominance of moist36

convection (Xu and Emanuel 1989). However, the dynamical constraint in the midlatitudes37

becomes difficult because of the role of the midlatitude eddies. There are two distinct38

perspectives for such dynamical constraint in the midlatitudes: one is based on dry baroclinic39

instability, and the other emphasizes the role of moist convection. Theories such as Stone40

(1978); Held (1982); Schneider (2004) belong to the first group, and relate the tropospheric41

static stability to the meridional temperature gradient based on the assumption that the42

atmosphere is in a state of near neutral stability for baroclinic instability: θz ∼ f

Hβ
θy,43

where θ is the potential temperature, f and β are the Coriolis parameter and its gradient,44

H is some depth scale, and the subscripts z and y indicate the vertical and meridional45

derivatives, respectively.46

A second perspective, presented in studies such as Emanuel (1988); Juckes (2000); Frier-47

son et al. (2006); Frierson (2007); Korty and Schneider (2007); Frierson and Davis (2011);48
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Czaja and Blunt (2011), points to the importance of moist processes in the midlatitudes.49

For instance, Juckes (2000) proposes that the mean value of moist static stability (θez, where50

θe is the equivalent potential temperature and the bar denotes time and zonal average) can51

be estimated as the sum of its minimum value and half the standard deviation of equivalent52

potential temperature. Then, by assuming that moist convection sets the minimum value of53

moist static stability to zero in the warm sector of the storms, the mean value of moist static54

stability is approximated as half the standard deviation of equivalent potential tempera-55

ture, which is itself related to the meridional gradient of equivalent potential temperature:56

θez ∼
1

2
θ′2e

1/2 ∼ θey. This moist theory has been found to work substantially better than the57

dry theory in capturing the Southern Hemisphere annual cycle using the NASA Modern Era58

Retrospective-Analysis for Research and Applications (MERRA) reanalysis dataset (Frierson59

and Davis 2011) as well as predicting the extratropical static stability over a wide parameter60

range in both simple and comprehensive aquaplanet atmospheric general circulation model61

simulations (Frierson 2007).62

Recently, Pauluis et al. (2008) and Pauluis et al. (2010) demonstrated the important63

role of moisture in the atmospheric general circulation, especially in the midlatitudes. They64

diagnosed the zonal mean atmospheric circulation in both θ and θe coordinates (respectively65

referred to as dry and moist isentropic circulation, hereafter) and found that both the two66

isentropic circulations exhibit a single equator-to-pole overturning cell in each hemisphere67

with poleward flow on high isentropic surfaces and equatorward flow on low isentropic sur-68

faces. They noted that the moist circulation was stronger than its dry counterpart in the69

midlatitudes. It was further revealed that the larger circulation intensity averaged on moist70

isentropic surfaces is due to the better thermodynamic separation of the low-level poleward-71

moving warm moist air and the low-level equatorward-moving cold dry air, which, tend to72

cancel out each other in dry isentropic coordinate (Laliberté et al. 2012). The difference73

between the dry and moist isentropic circulation, defined as the moist recirculation, corre-74

sponds to the ascending branch of the midlatitude storm tracks that carries the low-level75
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poleward-moving warm moist air into the upper troposphere lower stratosphere. This moist76

recirculation certainly connects the lower level of the atmosphere to the upper level via some77

dynamical processes. In this paper, we investigate the physical mechanisms underlying the78

moist recirculation process and eventually propose a dynamical constraint that relates the79

extratropical tropopause to the low-level equivalent potential temperature distribution.80

This study is organized as follows: a theoretical development of the moist dynamical81

constraint is provided in section 2 and a description of the reanalysis datasets used in this82

study is given in section 3. Then, in section 4 the moist dynamical constraint is studied83

using an ensemble of reanalysis datasets. Section 5 concludes the paper.84

2. Relationship Between Tropopause and Surface Equiv-85

alent Potential Temperature86

a. Dynamical Tropopause87

In the midlatitudes, the tropopause is often defined in terms of the distribution of the88

potential vorticity. The potential vorticity is given by P = −g(ζ+f)
∂θ

∂p
, where ζ is the verti-89

cal component of the relative vorticity and is about one order of magnitude smaller than the90

Coriolis parameter f in the midlatitudes, and thus P ≈ −fg
∂θ

∂p
. The tropopause, regarded91

as the transition layer that separates low values of potential vorticity in the troposphere92

from large values in the stratosphere, is defined as the isentropic surface where the potential93

vorticity is equal to 2 PVU (potential vorticity unit, where 1 PVU is equal to 1.0 × 10−6
94

K m2 kg−1 s−1) (e.g., Holton et al. 1995). This dynamical tropopause definition works for95

regions away from the tropics and an example of the dynamical tropopause is shown in thick96

black dashed-dotted lines in Figure 1 away from 20◦S and 20◦N.97

Other definitions of the tropopause, such as the thermal tropopause, in which the98

tropopause level is identified as the lowest level where the temperature lapse rate drops99
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below 2 K/km (?), have been used. Such alternative definitions do not significantly affect100

the results, and, in the following, we will define the potential temperature at the tropopause101

θtp as the mean potential temperature at which the potential vorticity is equal to 2 PVU,102

with the subscript tp denoting tropopause.103

b. Equivalent Potential Temperature in the Poleward Flow of Warm Moist Air104

Another determination of the tropopause is based on the mass flux of the atmospheric105

circulation and its isentropic streamfunction. The troposphere is relatively well-mixed by106

the action of weather system, with a short mixing time-scale on the order of one month.107

In contrast, mixing within the stratosphere is primarily the result of wave breaking and108

is much less efficient in general. One can thus think of the tropopause as the boundary109

between a region of fast overturning in the troposphere, and much slower overturning in110

the stratosphere. The isentropic streamfunction Ψ(φ, θ), which is equal the net poleward111

mass flux for all air parcels across latitude φ whose potential temperature is less than θ,112

thus provides a way to capture this overturning, and thus to determine the location of the113

tropopause. This is the argument used by Schneider (2004) who determined the tropopause114

as the potential temperature at which the (dry) isentropic streamfunction amounts to 10%115

of its maximum value.116

The connection between the tropopause and isentropic streamfunction can be seen from117

Figure 1(a)(b), which shows the dry isentropic streamfunction using the ERA-Interim Re-118

analysis for December-January-February (DJF) and June-July-August (JJA), respectively.119

The streamfunction is constructed using the Statistical Transformed Eulerian Mean (to be120

discussed) that is largely similar to that of the exact calculation. In the extratropics, the121

dynamical tropopause generally overlaps with the dry isentropic surface corresponding to122

10% of the maximum streamfunction, especially in Northern Hemisphere (NH) DJF and123

Southern Hemisphere (SH) JJA. However, it doesn’t work well in NH JJA because of the124

very weak circulation there.125
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Here, we adopt a similar point of view and assume that the troposphere can be identified126

by the layer where most of the atmospheric meridional mass circulation takes place. Pauluis127

et al. (2008, 2010) have shown that approximately half of the global atmospheric circulation128

in the midlatitudes is associated with the poleward transport of warm, moist subtropical129

air near the surface, we consider the contribution of the surface flow to the moist isentropic130

circulation. In particular, we will determine the value of the equivalent potential temperature131

θe,pf which accounts for 90% of the poleward mass flux of warm moist air near the surface,132

and postulate that θe,pf offers a good estimate of the potential temperature at the tropopause,133

with the subscript pf denoting poleward flow. In doing so, we assume that the warm, moist134

air parcels in the low-level poleward-moving flow are able to rise more or less adiabatically135

to the tropopause within the storm tracks.136

To determine θe,pf, we take advantage of the Statistical Transformed Eulerian Mean137

(STEM) introduced by Pauluis et al. (2011) which approximates the isentropic circulation138

by assuming a bivariate Gaussian distribution for the meridional mass transport. The STEM139

can accurately capture all the key features of the exact isentropic circulation with less than140

10% error in the streamfunction. The STEM streamfunction for the moist isentropic circu-141

lation is the sum of the Eulerian-mean contribution and the eddy contribution, i.e.142

ΨSTEM(φ, θe) = Ψeul(φ, θe) + Ψeddy(φ, θe), (1)143

Ψeul(φ, θe) =

∫ ps

0

2πa cosφ

g
v
1

2

[

1 + erf
( θe − θe√

2θ′2e
1/2

)]

dp̃, (2)144

Ψeddy(φ, θe) =

∫ ps

0

2πa cosφ

g

−v′θ′e√
2πθ′2e

1/2
exp

(−(θe − θe)
2

2θ′2e

)

dp̃, (3)145

where bars denote time and zonal averages, primes represent deviations from time and zonal146

averages, v′θ′e is the eddy flux of equivalent potential temperature and erf(x) is the error147

function, i.e. erf(x) = 2√
π

∫ x

0
exp(−x2)dx. While the Eulerian-mean component mainly148

represents the strong Hadley Cell in the tropics, the eddy component dominates in the149

midlatitudes. The dry isentropic circulation shown in Figure 1(a)(b) is also constructed150

using the STEM formulation by replacing θe with θ.151
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We now determine θe,pf as the value of the equivalent potential temperature at which152

the moist eddy streamfunction amounts to 10% of its maximum value:153

|Ψeddy(φ, θe,pf)|
maxθe |Ψeddy(φ, θe)|

= 0.1. (4)154

This definition assumes that 90% of the equatorward mass flux within the surface layer is bal-155

anced by the poleward mass flux taking place within the troposphere below the tropopause.156

Since the eddy flux of equivalent potential temperature maximizes in the lower tropo-157

sphere near the surface, we assume it can be idealized as a delta function centered near158

the surface. According to Equation (3), the maximum of the moist eddy streamfunction159

(maxθe|Ψeddy(φ, θe)|) is approximately achieved where the equivalent potential temperature160

equals the mean equivalent potential temperature near the surface. Therefore, the 10% of the161

maximum streamfunction, or where the tropopause is located, is reached where the equiva-162

lent potential temperature is approximately equal to the mean plus two standard deviations163

of the near surface equivalent potential temperature, i.e.,164

θe,pf = θe,sfc + 2θ′2e,sfc
1/2

, (5)165

and the subscript sfc refers to the value evaluated near the surface, where the eddy transport166

of equivalent potential temperature is the largest. For a Gaussian distribution, θe + 2θ′2e
1/2

167

corresponds to the 97.72nd percentile of the distribution and is a large and rare fluctuation168

of θe.169

Therefore, our main hypothesis here is that the potential temperature at the dynamical170

tropopause is directly tied to the equivalent potential temperature in the low-level poleward-171

moving warm, moist air, which, according to the STEM formulation, is approximately equal172

to the mean equivalent potential temperature plus twice its standard deviation:173

θtp = θe,pf = θe,sfc + 2θ′2e,sfc
1/2

. (6)174

In effect, Equation (6) implies that it is the large and rare fluctuation of low-level θe that rises175

more or less adiabatically to the tropopause level and modulates the tropopause potential176

temperature.177
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An example of the STEM moist isentropic circulation, based on the ERA-Interim Re-178

analysis dataset, is shown in Figure 1(c)(d). First of all, the moist isentropic circulation179

obtained using the STEM formulation is very similar to that of the exact calculation in both180

pattern and magnitude (not shown; similar results can be found in Figures 3-4 in Pauluis181

et al. (2011) using the NCEP/NCAR Reanalysis I). In the midlatitudes, the maximum of182

the STEM streamfunction is approximately reached as the equivalent potential temperature183

equals the mean equivalent potential temperature near the surface (shown in the middle184

thick gray line in Figure 1(c)(d)) and here the near surface value is estimated at 850 mb.185

Two additional gray lines correspond to the mean surface equivalent potential tem-186

perature plus and minus twice the standard derivation, i.e. θe,pf = θe,sfc + 2θ′2e,sfc
1/2

and187

θe,sfc − 2θ′2e,sfc
1/2

. Based on the previous arguments, 90% of the equatorward mass transport188

at low levels takes place between the lower and middle gray lines, while 90% of the poleward189

mass transport occurs between the middle and upper gray lines. The equatorward flow is190

indeed very well captured by this approach, and it is consistent with the findings of Held191

and Schneider (1999); Laliberté et al. (2013) who argued that the return flow in isentropic192

circulation should take place within isentropes that intersect the Earth’s surface. The pole-193

ward flow is only partially captured by θe,pf which overlaps with the 20-30% of the maximum194

streamfunction in the midlatitudes, under-estimating the equivalent potential temperature195

value of the 10% maximum streamfunction. This under-estimation is due to the fact that196

θe,pf only accounts for the surface contribution of the eddy flux of equivalent potential tem-197

perature, omitting the contribution from the upper troposphere. It’s worth noting that, in198

NH JJA, the moist circulation is much stronger than the dry counterpart and the differ-199

ence is due to the latent heat transport associated with planetary-scale stationary eddies in200

the subtropics and transient eddies in the midlatitudes (see Figure 16 in Shaw and Pauluis201

2012). While the dry isentropic surface corresponding to the 10% maximum streamfunction202

is poorly defined, the moist isentropic surface associated with the 10% maximum value is203

well defined and is reasonably well captured by the equivalent potential temperature of the204
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low-level poleward-moving air flow θe,pf.205

3. Reanalysis Datasets206

Four reanalysis datasets are used to examine the robustness of the relationship described207

by Equation (6) including the ERA-Interim Reanalysis, the NCEP/DOE Reanalysis II, the208

NCEP Climate Forecast System Reanalysis, and the NOAA-CIRES 20th Century Reanalysis209

Version 2.210

1. The ERA-Interim is the latest generation of the global atmospheric reanalysis pro-211

duced by the European Centre for Medium-Range Weather Forecast (ECMWF) to replace212

the ERA-40 reanalysis (Dee and coauthors 2011). The ERA-Interim Reanalysis covers from213

1979 to the present and has a horizontal resolution of T255 (0.75◦longitude×0.75◦latitude)214

with 60 model layers in the vertical and a model top at 0.1 mb. Significant progresses have215

been made relative to ERA-40 including the better representation of the hydrological cycle216

and the stratospheric circulation.217

2. The second reanalysis dataset that is used in this study is the NCEP/DOE Reanal-218

ysis II (NCEP2) which covers from 1979 to the present (Kanamitsu et al. 2002). It has a219

horizontal resolution of T62 (2.5◦longitude×2.5◦latitude) and 28 vertical levels with a model220

top at about 3 mb.221

3. The NCEP Climate Forecast System Reanalysis (CFSR) also covers from 1979222

to the present and was designed as a global, high-resolution (both spatial and temporal)223

coupled atmosphere-ocean-land surface-sea ice system to provide the best estimate of the224

state of these coupled domains over the period (Saha and Coauthors 2010). The atmo-225

spheric component has a fine horizontal resolution of T382 (0.5◦longitude×0.5◦latitude,226

2.5◦longitude×2.5◦latitude resolution is also available in the output and is used in this study),227

64 levels in the vertical and a model top at 0.266 mb.228

4. The 20th Century Reanalysis Version 2 (20CR) was recently produced by the National229
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Oceanic & Atmospheric Administration (NOAA) in collaboration with the Cooperative Insti-230

tute for Research in Environmental Sciences (CIRES) and extends back to 1871 incorporating231

only surface pressure observations and prior estimates of sea surface temperature and sea-ice232

distributions (Compo and coauthors 2011). The long time range of this dataset allows the233

examination of decadal time scale climate processes such as the Pacific Decadal Oscillation234

and the Atlantic Multidecadal Oscillation. This reanalysis has a horizontal resolution of T62235

(2◦longitude×2◦latitude) and 28 levels in the vertical with a model top at about 10 mb.236

A short summary of these four reanalysis datasets is given in Table 1. Daily temperature237

and specific humidity during 1980-1999 from the above four reanalysis datasets are used in238

this study except for the CFSR where 6-hourly temperature and specific humidity are used.239

For the dynamical tropopause, the isentropic surface θtp is identified where the 2 PVU240

potential vorticity surface is reached based on monthly averaged potential temperature and241

its pressure gradient. For the equivalent potential temperature of the low-level poleward-242

moving warm moist air flow, θe,pf is evaluated at 850 mb and the results remain largely243

similar with the averages taken from 700 mb to 900 mb for the reanalyses (not shown).244

4. Moist Dynamical Constraint in Reanalysis Datasets245

In this section, we explore the proposed moist dynamical constraint in the midlatitudes246

using the four reanalysis datasets listed in section 3. Figure 1(c)(d) shows the climatology247

of the mean potential temperature evaluated at the dynamical tropopause θtp (shown in248

thick black dashed-dotted lines) and also the mean value plus two standard deviations of the249

equivalent potential temperature distribution at 850 mb θe,pf (shown in upper thick grey lines)250

for DJF and JJA, respectively, during 1980-1999 for the ERA-Interim Reanalysis dataset.251

The θtp decreases from low to high latitudes and is consistent with the higher altitudes of the252

tropopause at low latitudes and the lower altitudes at high latitudes. Similarly θe,pf at lower253

troposphere also decreases with latitudes, mainly following the decrease of the mean value254
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of θe (not shown). The climatologies for both the low-level equivalent potential temperature255

and the tropopause potential temperature are largely consistent among the four reanalyses256

except for the 20th Century Reanalysis which tends to over-estimate the mean tropopause257

potential temperature (to be shown).258

Furthermore, as shown in Figure 1(c)(d), there is some latitudinal shift between θtp and259

θe,pf, with θtp poleward of θe,pf. A latitudinal shift between the two quantities in the low260

and upper levels is physically reasonable because as the low-level poleward-moving warm261

moist air parcels ascend into the upper troposphere lower stratosphere, the air parcels also262

travel poleward. As the winter baroclinicity gets stronger, the poleward movement of the263

air parcels associated with moist convection is expected to be larger as compared to that of264

the summer where moist convection is more upright. This seasonality of the poleward shift265

can be seen in the NH, in which about 10 degrees of northward shift occur in DJF while266

a smaller northward shift takes place in JJA, especially between 40◦N and 60◦N. Without267

loss of generality, for all seasons and for both hemispheres, we focus on near surface θe,pf at268

30◦ latitude and tropopause θtp at 40◦ latitude. This 10 degrees shift only helps to obtain269

similar θe values at lower and upper levels and is not crucial in capturing the annual cycle270

(to be discussed later).271

a. Annual Cycle272

Figure 2 shows the annual cycle of the moist dynamical constraint between the 850 mb273

θe,pf at 30
◦N and the mean dynamical tropopause θtp at 40

◦N for the four reanalysis datasets,274

including the ERA-Interim, the NCEP2, the NCEP CFSR, and the 20th Century Reanaly-275

sis, subdividing into different seasons. Both the correlation coefficient and linear regression276

coefficient are computed to better quantify the hypothesis. Consistent among different re-277

analyses, a very close to one correlation is found between the two quantities, i.e. above 0.98278

for all four reanalyses. The results for the four reanalyses also lie in a straight line with close279

to one linear regression coefficient, i.e. 0.86-1.02. In particular, large values of tropopause280
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θtp are found in NH summer (due to high tropopause altitudes), which is associated with281

large values of θe,pf near the surface, while in NH winter, both θtp and θe,pf are relatively282

low. The results are in good agreement among different reanalysis datasets except for the283

20th Century Reanalysis which produces values of θe,pf similar to other reanalyses, but over-284

estimates the mean tropopause θtp values for all seasons, especially in NH summer (about285

5 K larger than other three reanalyses at 40◦N). Recalling that the 20th Century Reanalysis286

only assimilates surface pressure observations, possible errors at upper levels are, to some287

extent, within expectations. The annual cycle for the four reanalyses is summarized in Ta-288

ble 2 which includes the annual mean values for the θe,pf at 30
◦N and the mean tropopause289

θtp at 40◦N as well as their correlation coefficient and linear regression coefficient for the290

annual cycle. The confidence intervals are constructed using the bootstrapping method by291

independently re-sampling the data points for a large number of times. Therefore, as shown292

in Figure 2, the proposed moist dynamical constraint successfully captures the annual cycle293

for NH extratropics.294

Similarly for the SH, which is shown in Figure 3 and Table 3, the proposed hypothesis also295

works well in explaining the annual cycle with very close to one correlation coefficient (above296

0.98) and close to one linear regression coefficient (about 0.7-0.8 for the four reanalyses).297

Note also that the amplitude of the annual cycle (winter-to-summer variation) is smaller298

in the SH than that in the NH, as expected. Again, the 20th Century Reanalysis has an299

over-estimation of the tropopause potential temperature, which occurs for all seasons.300

The choice of 30◦ latitude for the lower troposphere and 40◦ latitude for the dynamical301

tropopause is not crucial in obtaining the annual cycle. Figure 4(a)(b) show the map of302

correlation and linear regression coefficient between θe,pf and θtp for a range of latitudinal303

points in the NH midlatitudes from 30◦N to 60◦N in the ERA-Interim Reanalysis. As shown,304

the correlation coefficient is always above 0.88 and the linear regression coefficient is always305

above 0.7 for this wide range of NH midlatitudes, and this is consistent among different306

reanalyses (not shown). At low-level 30◦N and upper-level 40◦N (highlighted in crosses),307
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both the correlation coefficient and linear regression coefficient reach their maximum values308

approximately. The results are also shown for the SH midlatitudes from 30◦S to 60◦S (shown309

in Figure 4(c)(d)). The correlation coefficient is approximately maximized at low-level 30◦S310

and upper-level 40◦S; however, at these latitudes, the linear regression coefficient doesn’t311

reach its maximum value.312

b. Inter-annual Variability313

We further explore whether the relationship between the low level equivalent potential314

temperature and the tropopause potential temperature can explain some of the inter-annual315

variability for the two hemispheres. The inter-annual variability here is identified as the316

monthly anomalies with monthly long-term averages removed. Figure 5 shows the monthly317

anomalies in θtp at 40◦ latitude versus those in θe,pf at 30
◦ latitude for boreal summer (NH318

JJA) and austral summer (SH DJF), and the corresponding coefficients of correlation and319

linear regression. The results for the confidence intervals, constructed using the bootstrap-320

ping method, are shown in Table 4 and 5 for the NH and SH, respectively. For boreal321

summer, both the correlation coefficient and linear regression coefficient remain large and322

statistically significant for all the four reanalyses, i.e. above 0.6 in correlation and above 0.6323

in linear regression. For austral summer, however, the correlation drops to 0.3-0.4 (small324

but still statistically significant) for majority of the reanalyses except for the 20th Century325

Reanalysis. Figure 6 shows the inter-annual variability but for boreal winter (NH DJF) and326

austral winter (SH JJA). Interestingly, while the results for SH JJA are similar to those in327

SH DJF with small correlation coefficients (i.e. about 0.2-0.3 in SH JJA), there is almost no328

correlation between the low levels and the upper levels in NH DJF. The above results suggest329

that the proposed moist dynamical constraint indeed applies in NH summer midlatitudes,330

even for monthly anomalies with climatological annual cycle removed. This moist dynamical331

constraint is rather weak in the SH and fails to work in NH DJF.332

The coefficients of correlation and linear regression and their corresponding confidence333
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intervals are also listed for spring and autumn in Table 4 and 5. The correlation is about334

0.3-0.5 in boreal spring (NH MAM) for the four reanalyses while, in austral spring (SH SON),335

it’s small and not significant in the ERA-Interim and NCEP2 reanalyses although the CFSR336

and the 20CR claim a significant correlation of about 0.4. In boreal and austral autumn337

(NH SON and SH MAM), both the correlation coefficient and linear regression coefficient338

are found to be significant and are about 0.3-0.4.339

It’s noted that the very close to one correlation coefficient for the annual cycle of the340

dynamical relationship, as shown in Figures 2 and 3, is largely due to the dominance of the341

annual cycle. However, in comparison to the previous work of Juckes 2000; Frierson et al.342

2006; Frierson 2007; Frierson and Davis 2011, our proposed relationship achieves a higher343

correlation. Furthermore, the success in explaining the inter-annual variability in northern344

summer is indeed revealing (shown in Figure 5), which suggests the dominance of the moist345

dynamics in determining the monthly extratropical tropopause anomalies.346

The distinct behaviors in NH summer and NH winter are, to some extent, within ex-347

pectations. Although the annual cycle of the extratropical tropopause is largely determined348

by the annual cycle of the low-level eddy-induced fluctuations of equivalent potential tem-349

perature via midlatitude moist processes, the moist dynamics in the troposphere is not the350

only contributor to the extratropical tropopause. In fact, the inter-annual variability in sta-351

tionary waves and in the stratospheric residual circulation is expected to be the strongest352

in boreal winter where the descending branch near the extratropical tropopause induces a353

strong adiabatic warming and tends to lower the tropopause (e.g., Birner 2010). It turns354

out that the stratospheric and tropospheric effects on the tropopause are opposite in sign355

(e.g., Birner 2010; Haqq-Misra et al. 2011), i.e. the tropospheric eddies always tend to356

stabilize the tropospheric lapse rate and lift the tropopause while the general tendency of357

the stratospheric eddies is to lower the extratropical tropopause which is strong in boreal358

winter and weak in boreal winter. Therefore, it’s likely that in NH winter, the stratospheric359

influence may dominate the inter-annual variability. On the contrary, in NH summer, the360
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stratospheric dynamical effect becomes minor and the tropopause is strongly controlled by361

the tropospheric dynamics.362

c. The Role of Moisture Variance363

Our analysis demonstrates a dynamical relationship between the low level distribution364

of equivalent potential temperature and the mean potential temperature at the tropopause365

in an ensemble of reanalysis datasets. The relationship in Equation (6) captures not only366

the annual cycle of the tropopause potential temperature, but also explains a large fraction367

of the inter-annual variability in NH summer. The quantity θe,pf, defined in Equation (5),368

corresponds to the 10% highest value of the equivalent potential temperature in the low-level369

poleward-moving warm, moist air. It depends not only on the mean value but also on the370

variance of θe near the surface. Through the annual cycle, the surface θe,pf evolves greatly,371

but there is also a significant contribution from the variance itself. The eddy fluctuation of372

equivalent potential temperature is generally larger in summer than in winter and is about373

15 K at 30◦ latitude in annual averages. In order to demonstrate the importance of the eddy-374

induced fluctuations of equivalent potential temperature, we compare the moist dynamical375

constraint with that using the mean value of θe plus a constant value of 15 K (in the absence376

of eddy fluctuations).377

Figure 7 shows the comparison in NH annual cycle for the four reanalyses. The correla-378

tion coefficients are similar between the two measures and the coefficient of linear regression379

with the mean value of θe plus a constant is closer to one than that with the eddy fluctua-380

tions included. However, although the results for NH winter mostly overlap between the two381

measures, the moist dynamical constraint including the eddy contributions better captures382

the large values of the mean tropopause potential temperature in NH summer, consistent383

among the various reanalyses. This indicates that variances of low-level moisture and θe384

have a direct influence on the extratropical tropopause. In particular, the very high value of385

the potential temperature at the tropopause during the NH summer seems to be attributed386
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in part to the very high value of the variance during that season. As this variance is due387

not only to the contribution of the midlatitude eddies, but also contains a significant con-388

tribution from differences between continental and oceanic regions, this would imply that a389

zonally symmetric model of the atmosphere would not be able to accurately reproduce the390

full range of tropopause height fluctuations. In fact, Shaw (2013) showed how planetary-391

scale transport can affect the tropopause in idealized aquaplanet model simulations and also392

discussed the importance of planetary-scale transport in the seasonal cycle.393

5. Discussion and Conclusions394

This study proposes a moist dynamical constraint for the midlatitudes that links the395

mean potential temperature value at the tropopause level to the equivalent potential temper-396

ature distribution in the lower troposphere. The constraint is motivated by previous analyses397

of the meridional circulation on moist isentropes which have shown that a large fraction of398

the global overturning circulation is tied to a poleward flow of warm, moist subtropical air399

that rises in the upper troposphere within the storm tracks (Pauluis et al. 2008, 2010). The400

constraint obtained here equates the 10th percentile of the equivalent potential tempera-401

ture distribution in this poleward flow at low levels with the potential temperature of the402

tropopause. When the isentropic mass flux is estimated through the Statistical Transformed403

Eulerian Mean (STEM) framework (Pauluis et al. 2011), the 10th percentile of θe in the404

poleward flow is given by the mean surface equivalent potential temperature plus twice the405

standard deviation, i.e. θe,pf = θe,sfc +2θ′2e,sfc
1/2

(Equation (5)). In effect, we assume that the406

poleward flow of warm, moist air rises to the tropopause within the storm tracks, and in407

doing so, sets the potential temperature at the tropopause, i.e θtp = θe,pf (Equation (6)). Our408

approach thus emphasizes the role of moist ascent within the midlatitudes in determining409

the large-scale atmospheric circulation.410

Four reanalysis datasets, the ERA-Interim Reanalysis, the NCEP/DOE Reanalysis II,411
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the NCEP Climate Forecast System Reanalysis and the 20th Century Reanalysis version 2,412

are used in this study to test the relationship between the mean tropopause potential tem-413

perature and the low level equivalent potential temperature distribution. Here we summarize414

the findings:415

• The proposed moist dynamical constraint is very successful in capturing the annual416

cycle of the tropopause. The correlation coefficient between the mean plus two standard417

deviations of the equivalent potential temperature in the lower troposphere and the418

mean potential temperature at the tropopause is very close to one. The results also lie419

in a straight line with a linear regression coefficient close to one. The above diagnostic420

results, which are robust among different reanalyses, suggest the important role of the421

moist processes associated with the baroclinic eddies in determining the large-scale422

atmospheric general circulation.423

• At a given latitude, the tropopause potential temperature is somewhat warmer by a424

few degrees than the prediction based on the low level equivalent potential temperature425

distribution. This can be corrected by introducing a small poleward shift: in our anal-426

ysis, we found that θe,pf evaluated at 30◦ latitude very closely matches the tropopause427

potential temperature at 40◦ latitude for both hemispheres. Such poleward shift is428

smaller than the internal Rossby radius and is consistent with the physical interpreta-429

tion of the low level flow of warm moist air being advected into the storm tracks.430

• The moist dynamical constraint also works well in explaining the inter-annual vari-431

ability in Northern Hemisphere summer, robust among different reanalysis datasets.432

The correlation coefficient for inter-annual variability is large in Northern Hemisphere433

summer (above 0.6), is quite small in the Southern Hemisphere (0.3-0.4), and drops to434

about zero in Northern Hemisphere winter. The difference between Northern Hemi-435

sphere summer and Northern Hemisphere winter suggests that the moist dynamics is436

more dominant in controlling the extratropical tropopause in summer while in winter437
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the stratospheric large-scale dynamics is likely to play an important role.438

This study demonstrates the important role of midlatitude moist processes in deter-439

mining the large-scale atmospheric general circulation, in particular, where the tropopause440

is located. The midlatitude moist recirculation, known as the difference between dry and441

moist isentropic circulation, is found to be crucial in transporting energy and water vapor442

both upward and poleward and tends to lift the tropopause, i.e. in general, the stronger443

the moist recirculation, the higher the tropopause. This is clearly elucidated as the annual444

cycle of the extratropical tropopause is successfully captured by the low-level large and rare445

fluctuations of equivalent potential temperature. The dynamical mechanisms underlying the446

moist recirculation is not limited to warm conveyor belt which is a mesoscale phenomenon447

associated with midlatitude eddies (e.g., Eckhardt et al. 2004). Ascent of warm moist air448

flow can also be tied to deep convection over the continents (Shaw and Pauluis 2012) and449

more generic slantwise convection (Emanuel 1988). Our analysis finds that the best match450

occurs when the tropopause potential temperature is about 10◦ poleward of the near surface451

equivalent potential temperature. This indicates that the dynamical process connecting the452

lower and upper level of the atmosphere takes place over a relatively small horizontal scale,453

on the order of Rossby radius.454

The proposed relationship is conceptually similar to the work of Juckes (2000); Frier-455

son et al. (2006); Frierson (2007); Frierson and Davis (2011) albeit there are quantitative456

differences in that our analysis focuses on the relationship between the low level moisture dis-457

tribution and the tropopause temperature rather than stratification. In Frierson and Davis458

(2011), they found that the moist scaling theory θez ∼ θey works well to explain the SH459

seasonal cycle (with correlation of 0.87) but performs less well in the NH (with correlation of460

0.70). Our relationship achieves a higher correlation coefficient for both hemispheres. A key461

difference between Frierson and Davis (2011) and our analysis, lies in their assumption that462

the variance of equivalent potential temperature is proportional to the meridional gradient463

of θe. In contrast, we use the variance computed from the Reanalysis datasets. As large464

18



portion of this variance is tied to stationary eddies and land-sea contrast, it is likely that a465

simple mixing length hypothesis underlying the scaling of Juckes (2000); Frierson and Davis466

(2011) is insufficient to explain the variance. This would imply that a more complete theory467

for the midlatitude stratification should include the effects of stationary waves and land-sea468

contrast. In fact, Shaw and Pauluis (2012) showed that the planetary-scale stationary waves469

of subtropical anticyclones and monsoons dominate the atmospheric meridional moisture470

transport in the subtropics during NH summer. In addition, Shaw (2013) further demon-471

strated the important role of low-level planetary-scale eddy transport in the seasonal cycle472

of the atmospheric general circulation including the height of the tropopause. In our work,473

the moist processes responsible for the annual cycle and inter-annual variability of the extra-474

tropical tropopause could be complex. And they are likely combined effects of subtropical475

anticyclones and monsoons, warm conveyor belts, slantwise moist convection and so on.476

Our results strongly support the notion that the midlatitude stratification is directly477

affected by moist processes. This offers a strong challenge to the dry perspective that478

argues that the midlatitude stratification is determined primarily by (dry) baroclinic insta-479

bility (Stone 1978; Schneider 2004). However, although the dry and moist perspectives on480

the height of the tropopause and the tropospheric static stability have different dynamical481

interpretations, they are not mutually exclusive. Indeed, a framework that relates the mid-482

latitude stratification to both the meridional temperature gradient and low level humidity483

distribution, amounts in effect to prescribing the relative humidity distribution. Such joint484

interpretation would view the midlatitude eddies as simultaneously setting the stratification485

and controlling the subtropical water vapor distribution.486
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List of Figures552

1 The climatological streamfunction of the STEM isentropic circulation aver-553

aged on (a)(b) dry (ΨSTEM(φ, θ)) and (c)(d) moist isentropic surfaces (ΨSTEM(φ, θe))554

for December-January-February (DJF) and June-July-August (JJA) during555

1980-1999 using the ERA-Interim Reanalysis dataset. The contour interval556

for the streamfunction is 1×1010 kg/s and blue (red) contours represent clock-557

wise (counterclockwise) circulation. The pink circles indicate the 10% of the558

maximum streamfunction. The thick black dashed-dotted lines show the mean559

potential temperature at the dynamical tropopause identified as the level of560

2 PVU of potential vorticity. The three thick grey lines in (c)(d) represent561

the mean minus two standard deviations, the mean, and the mean plus two562

standard deviations of the equivalent potential temperature at 850 mb, respec-563

tively. The black circles mark the dynamical tropopause at 40◦N(S) and the564

grey circles denote the mean plus two standard deviations of the equivalent565

potential temperature at 850 mb at 30◦N(S). 30566

2 The annual cycle of the moist dynamical constraint between the 850 mb θe,pf567

(= θe + 2θ′2e
1/2

) at 30◦N and the mean dynamical tropopause θtp at 40◦N568

for the four reanalysis datasets. The plus symbols correspond to DJF, di-569

amond symbols to March-April-May (MAM), circles to JJA, and crosses to570

September-October-November (SON), as indicated in legend. The coefficients571

of correlation and linear regression are also shown. 31572

3 Same as Figure 2 but for the Southern Hemisphere. 32573

4 The coefficients of correlation (left) and linear regression (right) in the annual574

cycle of the moist dynamical constraint over a range of midlatitudes from 30◦N575

to 60◦N (top) and from 60◦S to 30◦S (bottom) for both θe,pf (= θe+2θ′2e
1/2

) at576

850 mb and the mean dynamical tropopause θtp. Subplots (a)(c) and (b)(d),577

respectively, share the same color bars. 33578
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5 Same as Figures 2 and 3 but for summer (NH JJA (black symbols) and SH579

DJF (grey symbols)) monthly anomalies (with climatological monthly aver-580

ages removed) for the four reanalyses. 34581

6 Same as Figure 5 but for winter (NH DJF (black symbols) and SH JJA (grey582

symbols)). 35583

7 Same as Figure 2 (black symbols) but in comparison with the annual cycle584

using the mean value of θe plus a constant value (15 K), in the absence of585

eddy fluctuations (gray symbols). 36586
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Fig. 1. The climatological streamfunction of the STEM isentropic circulation averaged on
(a)(b) dry (ΨSTEM(φ, θ)) and (c)(d) moist isentropic surfaces (ΨSTEM(φ, θe)) for December-
January-February (DJF) and June-July-August (JJA) during 1980-1999 using the ERA-
Interim Reanalysis dataset. The contour interval for the streamfunction is 1 × 1010 kg/s
and blue (red) contours represent clockwise (counterclockwise) circulation. The pink circles
indicate the 10% of the maximum streamfunction. The thick black dashed-dotted lines
show the mean potential temperature at the dynamical tropopause identified as the level
of 2 PVU of potential vorticity. The three thick grey lines in (c)(d) represent the mean
minus two standard deviations, the mean, and the mean plus two standard deviations of
the equivalent potential temperature at 850 mb, respectively. The black circles mark the
dynamical tropopause at 40◦N(S) and the grey circles denote the mean plus two standard
deviations of the equivalent potential temperature at 850 mb at 30◦N(S).
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Fig. 2. The annual cycle of the moist dynamical constraint between the 850 mb θe,pf (=

θe + 2θ′2e
1/2

) at 30◦N and the mean dynamical tropopause θtp at 40◦N for the four reanaly-
sis datasets. The plus symbols correspond to DJF, diamond symbols to March-April-May
(MAM), circles to JJA, and crosses to September-October-November (SON), as indicated in
legend. The coefficients of correlation and linear regression are also shown.
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Fig. 3. Same as Figure 2 but for the Southern Hemisphere.
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Fig. 4. The coefficients of correlation (left) and linear regression (right) in the annual cycle
of the moist dynamical constraint over a range of midlatitudes from 30◦N to 60◦N (top) and

from 60◦S to 30◦S (bottom) for both θe,pf (= θe+2θ′2e
1/2

) at 850 mb and the mean dynamical
tropopause θtp. Subplots (a)(c) and (b)(d), respectively, share the same color bars.
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Fig. 5. Same as Figures 2 and 3 but for summer (NH JJA (black symbols) and SH DJF
(grey symbols)) monthly anomalies (with climatological monthly averages removed) for the
four reanalyses.
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Fig. 6. Same as Figure 5 but for winter (NH DJF (black symbols) and SH JJA (grey
symbols)).
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Fig. 7. Same as Figure 2 (black symbols) but in comparison with the annual cycle using
the mean value of θe plus a constant value (15 K), in the absence of eddy fluctuations (gray
symbols).

37


