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Abstract. We assess within the Global Modeling Initiative (GMI) modeling framework the 29 

utility of cosmogenic beryllium-7 (7Be), a natural aerosol tracer, for evaluating cross-tropopause 30 

transport in global models. The GMI chemical transport model (CTM) was used to simulate 31 

atmospheric 7Be distributions using four different meteorological data sets (GEOS1-STRAT 32 

DAS, GISS II’ GCM, fvGCM, and GEOS-4 DAS), featuring significantly different stratosphere-33 

troposphere exchange (STE) characteristics. The simulations were compared with the upper 34 

troposphere / lower stratosphere (UT/LS) 7Be climatology constructed from ~25 years of aircraft 35 

and balloon data, as well as climatological records of surface concentrations and deposition 36 

fluxes. Comparison of the fraction of surface air of stratospheric origin estimated from the 7Be 37 

simulations with observationally-derived estimates (i.e., 23-27% of the annual mean 7Be in 38 

surface air at northern mid-latitudes originates from the stratosphere [Dutkiewicz and Husain, 39 

1985, referred to as DH85]) indicates excessive cross-tropopause transport at middle latitudes in 40 

simulations using GEOS1-STRAT and at high latitudes using GISS II’ meteorological data. 41 

These simulations also overestimate 7Be deposition fluxes at middle latitudes (GEOS1-STRAT) 42 

and at high latitudes (GISS II’), respectively. We show that excessive cross-tropopause transport 43 

of 7Be corresponds to overestimated stratospheric contribution to tropospheric ozone. Our 44 

perspectives on STE in these meteorological fields based on 7Be simulations are consistent with 45 

previous studies with the same meteorological fields using ozone as a tracer for STE. We further 46 

applied the DH85 constraint to other global models including GFDL AM2 and GEOS-Chem 47 

(driven by GEOS-3 DAS and GEOS-5 DAS). We conclude that the DH85 constraint for 7Be and 48 

observed 7Be total deposition fluxes can be used routinely as a first-order assessment of cross-49 

tropopause transport in global models. 50 

 51 
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1.  Introduction 52 

Stratosphere-troposphere exchange (STE) of air masses and chemical species occurs at 53 

small-, synoptic and global-scales. It is typically associated with the occurrences of tropopause 54 

folding and cutoff cyclones and, more important, the global circulation of the atmosphere 55 

[Holton et al., 1995]. While stratosphere-to-troposphere transport removes many chemical 56 

species from the stratosphere, it represents a significant source of ozone and other reactive 57 

species for the tropospheric chemical system [Stohl et al., 2003]. Ozone in the troposphere is an 58 

important greenhouse gas, especially in the upper troposphere. It is a harmful pollutant near the 59 

surface. It is also the main precursor of hydroxyl radicals (OH) and thus plays an essential role in 60 

the oxidizing capacity of the troposphere. In a warmer climate, the stratosphere is likely to 61 

increase its contribution to tropospheric ozone levels due to circulation changes [Collin et al., 62 

2003]. Quantitative understanding and prediction of anthropogenic (versus natural) perturbations 63 

to tropospheric ozone require the use of global 3-D models; correctly representing the STE flux 64 

in these models is thereofore critical. However, current models show large (30%) uncertainty in 65 

predicted STE fluxes of ozone [Stevenson et al., 2006]. We use here the Global Modeling 66 

Initiative (GMI) modeling framework [Douglass, et al., 1999; Rotman et al., 2001] to assess the 67 

utility of the aerosol tracer beryllium-7 (7Be) for evaluating cross-tropopause transport in global 68 

models.  69 

Beryllium-7 (half-life 53.3 days) is produced by cosmic ray spallation reactions in the 70 

stratosphere and upper troposphere. After production, it attaches immediately to available 71 

submicron aerosols. The fate of 7Be then becomes that of those aerosols, which move with the air 72 

until scavenged by precipitation or deposited to the surface. With wet deposition as its principal 73 

sink and relatively well known sources, 7Be is a useful aerosol tracer for testing wet deposition 74 
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processes in a global 3-D model and is often used in pair with the terrigenic 210Pb aerosol tracer 75 

[e.g., Brost et al., 1991; Koch et al., 1996; Liu et al., 2001]. On the other hand, because of its 76 

source at high altitudes and the large concentration vertical gradient, simulation of 7Be tests the 77 

model’s capability to describe stratosphere-to-troposphere transport and subsidence in the 78 

troposphere [e.g, Liu et al., 2001; Allen et al., 2003]. 79 

Beryllium-7 has long been recognized as a tracer of downward transport from the 80 

stratosphere to the troposphere [e.g., Husain et al., 1977; Viezee and Singh, 1980; Sanak et al., 81 

1985; Dibb et al., 1992, 1994; Rehfeld and Heimann, 1995]. Husain et al. [1977] reported that 82 

pulses of high 7Be concentrations were often asscoiated with air masses of stratospheric origin, 83 

as indicated by large potentital vorticities. Viezee and Singh [1980] showed that the 7Be 84 

concentrations over North America show strong positive correlations with the occurrence of 85 

tropopause folding events over several latitude belts. 7Be has also been combined with other 86 

radionuclides (e.g., 10Be, 90Sr) as an indicator of transport of stratospheric air to the troposphere 87 

[Raisbeck et al., 1981; Rehfeld and Heimann, 1995; Koch et al., 1998; Dibb et al., 1994; Jordan 88 

et al., 2003; Zanis et al., 2003; Heikkila et al., 2008ab]. Dutkiewicz and Husain [1985, hereafter 89 

referred to as DH85] analyzed 7Be and 90Sr concentrations measured simultaneously in samples 90 

from NASA’s Global Atmospheric Sampling Program (GASP) and showed that on an annual 91 

basis the stratosphere contributed ~25% of the observed 7Be concentration at the surface (~40% 92 

during late spring but only 10% during fall). 93 

Beryllium-7 is also a useful tracer for vertical mixing and subsidence in the troposphere. 94 

Feely et al. [1989] examined the factors that contribute to seasonal variations in 7Be 95 

concentrations in surface air. They found that the influences of variations both in the STE rate 96 

and in the tropospheric vertical mixing rate are evident in conentrations at most sites in middle 97 
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latitudes. Convective transport carries surface air upward and brings down to the surface layer 98 

the 7Be at higher altitudes. This is also reflected by the 7Be/210Pb ratio that peaks at the surface in 99 

summer when convective activity is maximum [Koch et al., 1996].  On the other hand, despite 100 

the UT/LS source of 7Be and the continental surface source of 222Rn (precursor of 210Pb), 7Be 101 

concentrations have been reported to be positively correlated with 210Pb concentrations, 102 

reflecting mixing of subsiding middle- and upper-tropospheric air with continental lower-103 

tropospheric air [Li et al., 2002; Dibb, 2007]. 104 

A number of observational studies have demonstrated the feasibility of using 7Be to infer 105 

the contribution of ozone-rich stratospheric air to ozone levels at ground level [e.g., Husain et al., 106 

1977; Tsutsumi et al., 1998; Helmig et al., 2007] and in the free troposphere [e.g., Johnson and 107 

Viezee, 1981; Prospero et al., 1995; Graustein and Turekian, 1996; Kritz et al., 1991; Dibb et al., 108 

2003]. These studies are usually based on the correlations between concurrent  measurements of 109 

ozone and 7Be (as well as other tracers such as water vapor and potential vorticity), with positive 110 

7Be-ozone correlations indicating the presence of the upper-tropospheric or stratospheric air. For 111 

instance, Helmig et al. [2007] showed a year-round correlation of ozone with 7Be at Summit, 112 

Greenland and concluded that surface-layer photochemical ozone production does not appear to 113 

have a noticeable influence on surface ozone levels. It is important to note, however, that under 114 

some circumstances the observed positive correlations of surface ozone with 7Be may simply 115 

reflect the common vertical trends of tropospheric 7Be and ozone and does not necessarily 116 

indicate the influence of stratospheric air [Li et al., 2002]. Recent global modeling studies 117 

showed the models’ capability to reproduce the observed 7Be-ozone relationships, providing 118 

useful constraints on the stratospheric (verus photochemical) contribution to tropospheric ozone 119 

in the model [Li et al., 2002; Allen et al., 2003; Liu et al. [2004].  120 
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Though correct representation of STE is essential for simulating 7Be, ozone and other trace 121 

species in the troposphere, large variations exist among models. Stevenson et al. [2006] reported 122 

the average STE flux of ozone from 26 models of 552±168 Tg/year, while the IPCC Third 123 

Assessment Report (TAR) [Prather and Ehhalt, 2001] reported a mean value of 770 Tg/year. 124 

However, observation-based estimates of STE fluxes of ozone into the troposphere are typically 125 

in the range of 400-600 Tg/year [Murphy and Fahey, 1994]. Some global models  are able to 126 

produce STE fluxes of ozone in this range [e.g., Olsen et al., 2004; Hsu et al., 2005; Hsu and 127 

Prther, 2009]. For those models with too fast (or rarely, too slow) cross-tropopause transport of 128 

ozone, one way to overcome the difficulty is to use the Synoz (synthetic ozone) method 129 

[McLinden et al., 2000]. The Synoz method involves constraining the global mean cross-130 

tropopause ozone flux to match a prescribed value consistent with observations [e.g., Bey et al., 131 

2001]. But this method yields unrealistic stratospheric ozone field and therefore does not allow 132 

for on-line calculations of total ozone columns and photolysis rates / heating rates [McLinden et 133 

al.,2000]. By contrast, the other simple model for stratospheric ozone (linearized ozone or Linoz) 134 

developed by McLinden et al. enables these on-line calculations by linearizing the ozone 135 

tendency about the local ozone mixing ratio, temperature, and the overhead column ozone 136 

density. Linoz is computationally efficient and can be readily incorporated in climate models for 137 

long-term integrations. Nevertheless, using Linoz (or full stratospheric chemistry) in global 138 

CTMs or chemistry-climate models that focus on the troposphere requires a reasonable model 139 

representation of cross-tropopause transport. In this context, 7Be tracer simulations may provide 140 

a simple way of evaluating cross-tropopause transport in these models. 141 

The intermodel differences in the estimated intensity and frequency of STE have been 142 

attributed to the different meteorological fields used to drive the models as well as different 143 
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descriptions of transport and chemistry processes [Cristofanelli et al. 2003]. The GMI modeling 144 

framework faciliates the reduction of uncertainties of this kind. It is a modular CTM with the 145 

ability to incorporate different inputs and components (e.g., meteorological fields, emission 146 

inventories, chemical and microphysical mechanisms, and numerical schemes) that represent the 147 

different approaches of current models. One of the distinct features of the GMI CTM is the 148 

ability to be driven with several sets of meteorological data [e.g., Douglass et al., 1999; 149 

Considine et al., 2005; Liu et al., 2007]. This allows us to isolate the uncertainties in the model 150 

simulations due to differences in the meteorological data sets alone. The number of factors that 151 

may contribute to differences in the simulations is thus reduced, as we previously showed using 152 

the GMI simulated 222Rn and 210Pb radionuclide tracers [Considine et al., 2005]. 153 

In this paper, we present simulations of atmospheric 7Be distributions with the GMI CTM 154 

driven by four different meteorological data sets, including output from GEOS1-STRAT, GISS 155 

II’ GCM, fvGCM, and GEOS4-DAS, featuring significantly different STE characteristics. We 156 

use here not only the meteorological fields that are well known to have reasonably good 157 

represenations of STE (e.g., fvGCM) but also those with incorrect representations (e.g., GEOS1-158 

STRAT). The variability in the model performances of representing STE allows us to examine 159 

and assess the utility of 7Be for evaluating STE in these (and other) global meteorological fields. 160 

We will illustrate the consequences of incorrect STE in terms of the simulation of tropospheric 161 

7Be and show that 7Be concentrations and deposition fluxes may be used routinely to assess 162 

cross-tropopause transport in global models. We will discuss how the constratints on STE from 163 

7Be are consistent with previous modeling studies of tropospheric ozone using the same 164 

meteorological fields. We will also apply the 7Be tracer to assess cross-tropopause transport in 165 

GFDL AM2 GCM and in other meteorological fields (GEOS-3 DAS and GEOS-5 DAS). 166 
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The balance of this paper is organized as follows. Section 2 gives a brief description of the 167 

GMI model, 7Be source and cross-tropopause flux, and 7Be and ozone observational datasets 168 

used for evaluating the model. Section 3 evaluates model results with UT/LS and surface 7Be 169 

data. Section 4 assesses cross-tropopause transport of 7Be in different meteorological fields. 170 

Section 5 compares the results with previous modeling studies. Section 6 assesses cross-171 

tropopause transport of 7Be in a few other meteorological fields. Section 7 discusses the 172 

implications for the impact of STE on tropospheric ozone, followed by summary and conclusions 173 

in section 8. 174 

 175 

2.  Model and Data 176 

2.1.  GMI CTM 177 

The GMI (http://gmi.gsfc.nasa.gov) CTM is a global 3-D composition model that includes 178 

a nearly full treatment of both stratospheric and tropospheric photochemical and physical 179 

processes (the so-called Combo model). Details of the model are described in Duncan et al. 180 

[2007, 2008], Strahan et al. [2007] and Considine et al. [2008]. There is also a tropospheric 181 

version of the model that include only tropospheric photochemical and physical processes and 182 

use the Synoz (synthetic ozone) scheme [McLinden et al., 2000] as a flux upper boundary 183 

condition for ozone in the stratosphere. The latter yields a cross-tropopause ozone flux of about 184 

530-590 Tg/year [Stevenson et al., 2006]. In this study, we use for 7Be simulations the basic 185 

structure of the Combo model (without photochemical modules), as applied previously by 186 

Considine et al. [2005] to model the radionuclides 222Rn and 210Pb. We use both the full Combo 187 

version and the tropospheric version of the model for ozone simulations.  188 
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One of the main differences between simulations presented in this paper was the 189 

meteorological data used to drive the model. The four different sets of input meteorological data 190 

are: (1). output from the Goddard Space Flight Center Data Assimilation Office (now Global 191 

Modeling and Assimilation Office or GMAO) GEOS1-STRAT assimilation (GEOS1-STRAT); 192 

(2). output from the Goddard Institute for Space Studies GISS II’ general circulation model 193 

(GISS II’ GCM) [Rind and Lerner, 1996]; (3). the GMAO finite-volume GCM (fvGCM); and 194 

(4). output from the GMAO GEOS-4 data assimilation system (GEOS-4 DAS). Vertical levels, 195 

top pressure, original / run resolutions, near-tropopause resolution, and bottom layer depth are 196 

listed in Table 1. The simulations presented here use a degraded horizontal resolution (4º×5º) for 197 

computational expediency. Degraded horizontal resolution has some consequences for the 198 

simulation of cross-tropopause transport [Liu et al., 2001]. Nevertheless, our objective is to 199 

assess cross-tropopause transport in meteorological data sets at the resolution used to drive the 200 

model, not necessiarly at the original or finer resolution. 201 

The model uses the flux-form semi-Lagrangian advection scheme and a convective 202 

transport algorithm adapted from the CONVTRAN routine in the NCAR CCM3 physics 203 

package. The wet deposition scheme is that of Liu et al. [2001] and includes scavenging in wet 204 

convective updrafts, and first-order rainout and washout from both convective anvils and large-205 

scale precipitation. The gravitational settling effect of cloud ice particles included in Liu et al. 206 

[2001] is not considered here. Dry deposition of 7Be aerosols is computed using the resistance-207 

in-series approach. For 7Be simulations, each simulation was run for six years, recycling the 208 

meteorological data for each year of the simulation; we use the sixth year output for analysis. For 209 

ozone simulations, the model was spun up for 10 years to remove the effect of initial conditions. 210 

Interannual variability in STE of 7Be is not shown in this paper. However, model simulations 211 
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driven by multi-year output from fvGCM (1994-1998) indicate that such interannual variability 212 

is much smaller than the differences due to using different meteorological data sets and does not 213 

affect the conclusions of this study.  214 

The GMI CTM has been used previously to study the sensitivities of model simulations to 215 

difference sets of meteorological input. Douglass et al. [1999] used chemical tracers in the GMI 216 

framework to assess three meteorological data sets, i.e., the NCAR Community Climate Model 217 

(CCM2), GEOS1-STRAT, and GISS II’ GCM. They concluded that overall CCM2 provides the 218 

best representation of the stratosphere. Considine et al. [2005] used the GMI model to simulate 219 

the radionuclides 222Rn and 210Pb using three different sets of meteorological inputs (GEOS1-220 

STRAT, GISS II’, and CCM3) and to characterize the variability occurring in their simulations. 221 

Overall no simulation was found to be superior to the others when compared with the 222 

climatological observations. The role played by convective transport and scavenging was found 223 

to differ substantially among the three meteorological data sets. Liu et al. [2007] analyzed and 224 

quantified the differences and uncertainties in GMI aerosol simulations solely due to different 225 

meteorological fields (GEOS1-STRAT, fvGCM, and GEOS-4 DAS). They suggested that the 226 

differences in the precipitation, convective mass flux, and horizontal advection from the three 227 

meteorological data sets explain much of the large discrepancies in the model calculated aerosol 228 

concentrations. 229 

2.2.  7Be Source 230 

There is a large discrepancy in the published estimates of 7Be production rates [Lal and 231 

Peters, 1967; O’Brien et al., 1991; Masarik and Reedy, 1995; Masarik and Beer, 1999; Usoskin 232 

and Kovaltsov, 2008]. Global mean column production rates over an average solar cycle are 233 

0.035 atoms cm-2 s-1 [Masarik and Beer, 1999], 0.063 atoms cm-2 s-1 [O’Brien et al., 1991], and 234 
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0.081 atoms cm-2 s-1 [LP67]. The Masarik and Beer [1999] production function is smaller than 235 

other estimates by a factor of 2 or more. It may have underestimated the rate of 7Be production 236 

and slightly overestimated changes in the production rate due to variations in geomagnetic and 237 

solar magnetic field strength [Koch et al., 2006; Field et al., 2006]. The rates of 7Be production 238 

recently reported by Usoskin and Kovaltsov [2008] broadly agree with those of Lal and Peters 239 

[1967] with slightly (about 25%) lower global production rate. We use in the model the Lal and 240 

Peters [1967] source for 1958 (solar maximum year). About 2/3 of atmospheric 7Be is generated 241 

in the stratosphere and 1/3 in the troposphere.  The 7Be production rate correlates inversely with 242 

solar activity. At higher solar activity, cosmic rays are deflected away from the solar system and 243 

the 7Be production rate is thus lower. 244 

2.3.  Dutkiewicz and Husain Constraint on 7Be Cross-Tropopause Transport 245 

Cross-tropopause transport is important for simulating 7Be in the troposphere.  A useful 246 

constraint on the stratospheric contribution to tropospheric 7Be is DH85’s analysis of the 247 

observed 7Be/90Sr ratio in the stratosphere and 90Sr concentrations at the surface. The presence of 248 

fissiogenic 90Sr in the troposphere is due entirely to downward transport from the stratosphere, 249 

except for a few weeks right after a nuclear detonation. Both 7Be and 90Sr are associated with 250 

submicron particles; their fates during transport from the stratosphere are expected to be similar 251 

(no differential removal is expected). The stratospheric 7Be component in surface air can 252 

therefore be determined as the product of the stratospheric 7Be/90Sr ratio and the surface 90Sr 253 

concentration [DH85]. By this procedure, DH85 showed that annually 23-27% (or about 25% on 254 

average) of the 7Be in surface air at northern midlatitudes is of stratospheric origin. To use this 255 

constraint, we diagnose stratospheric contribution to 7Be concentrations in the troposphere by 256 

transporting separately in the model the 7Be produced in the stratosphere, as we previously 257 
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applied in GEOS-Chem with GEOS1-DAS meteorological data [Liu et al., 2001]. Since wet 258 

deposition removes both the stratospheric and tropospheric components of 7Be at the same rate, 259 

the diagnosed stratospheric fraction of 7Be concentrations in the troposphere does not 260 

significantly depend on the rate of wet removal.  261 

Downward transport from the stratosphere to troposphere occurs on a time scale of ~1-2 262 

years. As a result, 7Be concentrations in the stratosphere are mainly determined by a balance 263 

between production and radioactive decay (half-life 53.3 days). On the other hand, 7Be cross-264 

tropopause transport fluxes are proportional to the downward transport efficiency and 7Be 265 

concentrations in the stratosphere. Therefore, for the simulation of tropospheric (not 266 

stratospheric) 7Be, stratospheric influx to the troposphere may be adjusted by artificially scaling 267 

down (in the case of excessive STE) or up (in the case of too slow STE) the stratospheric 7Be 268 

source. The extent to which 7Be cross-tropopause transport is excessive or too slow in the model 269 

can be indicated by a scaling factor A, which is defined as the ratio of model to observation-270 

based STE fluxes of 7Be. We derive the scaling factor A as follows.  271 

According to the Dutkiewicz and Husain [1985] observational constraint, annually the ratio 272 

of the tropospheric ([7Be]T) to stratospheric ([7Be]S) component of 7Be concentrations in surface 273 

air at NH mid-latitudes is  274 

[7Be]T / [7Be]S = (1-0.25)/0.25.                                                  (1) 275 

For a global model with its own STE characteristics, we have 276 

[7Be]T / [7Be]S’ = (1-F)/F.                                                    (2) 277 

where [7Be]S’ is the model stratospheric component of annual mean 7Be concentrations in 278 

surface air at NH mid-latitudes and F is the corresponding fraction of surface air of stratospheric 279 

origin. As the total sink (dry / wet deposition and radioactive decay) is proportional to the 280 
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amount of 7Be present, the stratospheric component of 7Be concentrations in tropospheric air is 281 

proportional to stratospheric influx of 7Be. Thus, we may obatin the scaling factor A by taking 282 

the ratio of (1) and (2). That is,  283 

A=[7Be]S’/[7Be]S = (1-0.25)/0.25 · F/(1-F).                                        (3) 284 

Unless otherwise specified, 7Be cross-tropopause fluxes in the model calculations presented in 285 

this paper are not adjusted. However, we will use the scaling factor A as one of the metrics for 286 

comparing the STE characteristics of different meteorological data sets. 287 

2.4.  7Be and ozone observational data 288 

7Be  We estimate an average solar year value simply by averaging the long-term records of 289 

7Be observations. We then multiply by 0.72 to correct to the 1958 solar maximum source [Koch 290 

et al., 1996]. The 7Be deposition flux observations are from the compilation of Koch et al. [1996] 291 

and there are about 25 northern midlatitude sites from which long-term records of 7Be 292 

observations are available. The 7Be surface concentration observations are from the data archive 293 

of the US Department of Energy (DOE) Environmental Measurements Laboratory (EML, now 294 

part of the Department of Homeland Security) Surface Air Sampling Program (SASP) beginning 295 

in the 1980’s.  We also use the long-term climatological data of 7Be concnetrations in the UT/LS 296 

constructed from ~25 years of aircraft and balloon observations. Between the late 1950s and the 297 

early 1980s, EML collected tropospheric and stratospheric aircraft and balloon measurements of 298 

numerous radionuclides as part of the DOE High Altitude Sampling Program (HASP). The data 299 

was compiled into a database in 1997 by R. Leifer and N. Chan of EML, the so-called 300 

RAdioNuclide DAtaBase (RANDAB). The reader is referred to Considine et al. [2005] for a 301 

brief description of the RANDAB database. This database is available at the Oak Ridge National 302 
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laboratory’s Carbon Dioxide Information Analysis Center 303 

(http://cdiac.esd.ornl.gov/ndps/db1019.html).  304 

Ozone  We use tropospheric ozone column (TOC) determined with the tropopheric ozone 305 

residual method by subtracting measurements of MLS stratospheric column ozone (SCO) from 306 

OMI total column ozone [Ziemke et al., 2006; URL: http://acdb-307 

ext.gsfc.nasa.gov/Data_services/cloud_slice] or using the TOMS and Solar Backscatter 308 

Ultraviolet (SBUV) combination [Fishman et al., 2003; URL: http://asd-309 

www.larc.nasa.gov/TOR/data.html].  We use climatological monthly average ozone profiles 310 

from 23 ozonesonde stations as constructed by Considine et al. [2008], based on Logan [1999] 311 

and Thompson et al. [2003]. The number of sondes at each station is adequate for defining 312 

monthly means used to evalute the accuracy of the model results [Considine et al., 2008]. 313 

Surface ozone data are taken from Logan [1999]. 314 

3.  Model Evaluation With UT/LS and Surface 7Be Data 315 

In this section, we present model results of 7Be simulations driven by four meteorological 316 

archives and evalute them against long-term measurements at the surface and in the UT/LS.  We 317 

show in Figure 1 zonal mean, annual average concentrations of 7Be in the four radionculide 318 

simulations with GMI CTM. All four simulations overall show a similar pattern of tropospheric 319 

distribution. The highest concentrations are seen in the dry subsiding subtropics. Lowest 7Be 320 

concentrations in surface air are found in the Southern Hemisphere midlatitudes owing to 321 

scavenging by frequent large-scale precipitation. Low 7Be concentrations are also associated 322 

with ITCZ, which is characterized by strong convergence and convective precipitation. It 323 

appears, however, that among all four simulations the GEOS1-STRAT simulation gives the 324 
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highest concentrations in the subtropics and the GISS simulation shows the highest 325 

concentrations in the high latitudes. 326 

We compare in Figure 2 four 7Be simulations in the upper troposphere / lower stratosphere 327 

(UT/LS) with climatological distributions constructed from the 7Be data contained in the 328 

RANDAB database, following Considine et al. [2005] who previously made a similar 329 

comparison for 210Pb. Model output are sampled at the months, longitudes, latitudes, and 330 

altitudes of the 7Be observations. Figure 2a compares the meridional distribution of 7Be 331 

measurements made in the 12-16km altitude range with the four GMI simulations. Figure 2b 332 

shows the same comparison, but for the 16-20km altitude range. The 12-16km (about 200-333 

100hPa) range lies within the upper troposphere in the tropics and the lower stratosphere at mid 334 

to high latitudes. The 16-20km (about 100-50hPa) range lies within the stratosphere at all 335 

latitudes. 336 

At 12-16km (Figure 2a), the observations indicate comparatively low tropical upper 337 

tropospheric values of ~35 mBq SCM-1, with increasing trends toward high latitudes. The 338 

distribution is nearly symmetric about the equator, with more observations available in NH high 339 

latitudes. This latitudinal distribution of 7Be concentrations reflects larger production of 7Be in 340 

the lower stratosphere at high latitudes and precipitation scavenging associated with deep 341 

convection in the tropics. All four simulations capture reasonably well the observations at 12-16 342 

km. The differences between the four simulated 7Be concentrations are comparable or smaller 343 

than the error limits.  344 

At 16-20km (Figure 2b), the observations show a tropical minimum of ~150 mBq SCM-1, 345 

with increasing concentrations toward high latitudes in both hemispheres. In the tropics and the 346 

SH, the four 7Be simulations indicate small differences. In the NH, the four 7Be simulations 347 



 16

reveal large differences and bracket the observations. In particular, the GMI/GEOS1-STRAT 348 

simulation gives the lowest 7Be concentrations  among the four simulations and is lower than the 349 

observations. This appears to be due to the markedly overestimated cross-tropopause transport in 350 

GEOS1-STRAT, as further discussed below. On the other hand, as we will also discuss later, the 351 

fvGCM and GEOS-4 DAS meteorological fields characterize reasonable cross-tropopause 352 

transport. In the latter case, stratospheric 7Be concentrations are primarily determined by a 353 

balance between production and radioactive decay in the stratosphere. Therefore the slightly 354 

overestimated 7Be at 16-20km may suggest a slightly overestimated global production rate of 355 

7Be in the Lal and Peters [1967] source. The Usoskin and Kovaltsov [2008] source, which is 356 

about 25% lower than the Lal and Peters [1967] source, would probably yield better agreements 357 

with the 7Be observations in the lower stratosphere.  358 

Figure 3a compares the simulated and observed annual average concentrations of 7Be near 359 

the surface as a function of latitude. Observed data are from the EML SASP database and are 360 

averaged into 10 latitude bins. Observations from sites with elevation higher than 500m are not 361 

included because of uncertainties involved in sampling coarse-resolution models at high 362 

elevation sites. Model results are sampled at observation locations and month. The observations 363 

indicate concentration maxima in the subtropics associated with subsidence and minima in the 364 

tropics. The tropical minimum reflects rapid scavenging within the ITCZ. Low 7Be 365 

concentrations are also observed at midlatitudes due to efficient scavenging in the midlatitude 366 

storm tracks. Latitudinal trends (i.e., minima and maxima) of 7Be concentrations are well 367 

simulated with all meteorological fields except GISS II’.  The GMI/GISS simulation shows too 368 

high 7Be concentrations at high latitudes; this is becuause of the well-known excessive cross-369 
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tropopause transport at high latitudes in the GISS II’ meteorological fields [e.g., Koch and Rind, 370 

1998; McLinden et al., 2000; Shindell et al., 2003]. 371 

Figure 3b compares the model simuated annual mean total depostion fluxes of 7Be at 25 372 

northern midlatitude sites from which long-term records of observations are available. The 7Be 373 

deposition flux observations are from the compilation of Koch et al. [1996] and we previously 374 

used this dataset in Liu et al. [2001]. The data from individual sites are averaged over 4° latitude 375 

bins. The model is sampled at observation locations. The observations show a maximum (~2100 376 

Bq/m2/yr) in the subtropics (~30N) and the fluxes fall off with increasing latitudes. The four 7Be 377 

simulations show large discrepancies especially in the subtropics (~30N). Overall, the 378 

GMI/fvGCM simulation agrees better with the magnitude of the observed fluxes while the 379 

GMI/GEOS-4 simulation yields better latitudinal trends. GMI/GEOS-4 simulates best the 380 

observations at the latitudes of 45N-60N, but overestimates the observations by ~50% at 20N-381 

40N. The GMI/GISS simulation overestimates the observations at higher latitudes (45N-60N) by 382 

a factor of ~2. The GMI/GEOS1-STRAT simulation excessively overestimates the observed 7Be 383 

deposition fluxes at subtropical latitudes by up to a factor of 2.5 (30N). We will show in the next 384 

section that these overestimated 7Be deposition fluxes are largely due to model excessive cross-385 

tropopause transport, especially in the GEOS1-STRAT and GISS II’ meteorological fields.  386 

4.  Assessment of Cross-Tropopause Transport of 7Be in Different Meteorological Archives 387 

The above results indicate different levels of success with four meteorological archives in 388 

reproducing long-term records of surface and UT/LS 7Be concentrations as well as total 389 

deposition fluxes. In this section, we quantify the contribution of 7Be produced in the 390 

stratosphere to tropospheric 7Be concentrations and deposition fluxes, followed by an assessment 391 

of cross-tropopause transport of 7Be in the meteorological archives used.  392 
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Figure 4a shows the stratospheric fraction (%) of annual zonal mean tropospheric 7Be 393 

concentrations (i.e., fraction of tropospheric 7Be produced in the stratosphere) in the standard 394 

model simulations as a function of latitude and pressure. With GEOS1-STRAT, stratospheric 395 

contribution to lower-tropospheric 7Be concentrations maximizes at 25-50N (35-45%) and 25-396 

40S (30-35%). The tropical middle and upper troposphere shows the minimum in stratospheric 397 

impact (<30%). With GISS II’, the stratospheric contribution to lower-tropospheric 7Be 398 

concentrations peaks (30-40%) at high latitudes while it is quite small (<~10-20%) in the tropical 399 

middle and upper troposphere. The strong gradients in the subtropics suggest that the tropics is 400 

strongly isolated from the middle latitudes in the GISS II’ meteorological field. fvGCM and 401 

GEOS4-DAS show similar pattern of stratospheric influence on the troposphere; both indicate 402 

maximum contribution from stratosphere near 30-35N (~25%) and 25-30S (~20-25%) in the 403 

lower troposphere.  However, GEOS4-DAS shows a few percent larger contributions from the 404 

stratosphere to the troposphere than fvGCM does, consistent with the overestimated deposition 405 

fluxes at 20N-40N by GEOS4-DAS. The faster STE in GEOS4-DAS is related to the numerical 406 

noise introduced by the data assimilation procedures [e.g., Schoeberl et al., 2004]. The area of 407 

minimal stratospheric influence in the tropics is also narrower in GEOS4-DAS. 408 

Figure 4b shows the stratospheric fraction (%) of annual zonal mean surface 7Be 409 

concentrations and 7Be total deposition fluxes (Bq/m2/yr) in the standard simulation. With all 410 

meteorological fields except GISS II’, maximum stratospheric contribution to total deposition 411 

fluxes (versus surface 7Be concentrations) is shifted toward higher latitudes, reflecting 412 

scavenging by frequent midlatitude precipitation and the dry subsidence in the subtropics. 413 

Stratospheric fractions of surface 7Be concentrations at NH midlatitude are about 38% (GEOS1-414 

STRAT), 33% (GISS II’), and 23-24% (fvGCM and GEOS4-DAS). As discussed in section 2.3, 415 



 19

the observed 7Be/90Sr ratio suggests that 23-27% of the 7Be in surface air at northern 416 

midlatitudes is of stratospheric origin [Dutkiewicz and Husain, 1985]. According to this 417 

constraint, cross-tropopause transport of 7Be and subsequent transport to the surface in the 418 

GEOS1-STRAT and GISS II’ meteorological fields is excessive. On the other hand, it is 419 

noteworthy that the fvGCM and GEOS4-DAS simulations show results remarkably consistent 420 

with the DH85 constraint, suggesting that cross-tropopause transport of 7Be in these two 421 

meteorological fields are reasonable. However, DH85 did not provide constraints on latitudinal 422 

variation of stratospheric influence on surface 7Be. Of the four meteorological fields, GEOS1-423 

STRAT, fvGCM and GEOS4-DAS show very similar latitudinal distribution of stratospheric 424 

influence at the surface (i.e., peak in the subtropics and valley in the tropics or polar regions). By 425 

contrast, GISS II’ shows the largest impact of the stratosphere at high latitudes.  426 

Similarly, as shown above, the model overestimates the long-term records of 7Be 427 

deposition flux observations at middle latitudes (and subtropics) with GEOS1-STRAT and at 428 

high latitudes with GISS II’ (Figure 3b). Interestingly, the fvGCM (and to a lesser extent 429 

GEOS4-DAS) simulation yields 7Be deposition fluxes close to the observations. This suggests 430 

that the DH85 constraint and observed 7Be deposition fluxes are two complementary constraints 431 

on cross-tropopause transport of 7Be. 432 

We therefore use the DH85 constraint to assess the cross-tropopause transport of 7Be in the 433 

meteorological fields. Using the approach described in section 2.3 (i.e., reduced cross-tropopause 434 

transport flux by artificially scaling down the stratospheric 7Be source in the simulation of 435 

tropospheric 7Be), we determine the scaling factors for GEOS1-STRAT and GISS to be 1.92 and 436 

1.35, respectively. With the adjustment of 7Be cross-tropopause fluxes for GEOS1-STRAT and 437 

GISS, the model calculated stratospheric fraction of 7Be concentrations in surface air at NH 438 



 20

midlatitudes are indeed close to 25% (i.e., agree with the DH85 constraint) (Figure 5 vs. Figure 439 

4), thus supporting the validity of equation (3). With the adjustment, the model also simulates 440 

better surface 7Be concentrations and total deposition fluxes at the subtropics (GEOS1-STRAT) 441 

and at high latitudes (GISS II’) (Figure 6 vs. Figure 3). The improvement is more obvious for 442 

total deposition fluxes than for surface concentrations. Total deposition fluxes are a major sink 443 

component that largely balances with STE fluxes of 7Be to the troposphere (source), while 444 

surface concentrations are principally dependent on the overall wet removal rate.  445 

The above results may be sensitive to the model diagnosed location of tropopause; there is 446 

some uncertainty associated with the latter. For instance, Stajner et al. [2008] used four different 447 

definitions of the tropopause on the basis of temperature lapse rate (WMO definition), potential 448 

vorticity (PV), and isentropic surfaces or ozone isosurfaces. They found that the WMO 449 

tropopause was about 0.7-1 km (in the northern midlatitude) or 0.5-1 km (in the tropics) higher 450 

than the ozone or PV determined tropopause. We examine here the sensitivity of model 451 

diagnosed stratospheric fraction of tropospheric 7Be concentrations to the location of tropopause 452 

(not shown) by lowering tropopause height by one model level (approximately 1.2 km, 1.7 km, 453 

1.1 km, 1.1 km for GEOS1-STRAT, GISS II’, fvGCM and GEOS4-DAS, respectively). Results 454 

indicate that stratospheric fractions of surface 7Be concentrations increase by 5-10%, thus 455 

requiring larger adjustments of cross-tropopause transport of 7Be in the meteorological fields in 456 

order to meet the DH85 constraint. This also suggests that using the DH85 constraint requires 457 

relatively high vertical resolution near tropopause in the model. 458 

 459 

5.  Comparison with previous modeling studies 460 
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In this section we compare the GMI CTM results for cross-tropopause transport of 7Be with 461 

previous modeling studies based on the same or similar meteorological fields.  462 

Liu et al. [2001] found that STE flux of 7Be was overestimated with the GEOS1-STRAT 463 

fields in the GEOS-Chem model, consistent with this study using GMI CTM. However, Liu et al. 464 

[2001] found that the reduction required to match the DH85 constraint is a factor of 3.5 for the 465 

GEOS1-STRAT archive with 4º×5º resolution, compared to a factor of 2.5 in the present study. 466 

The larger reduction in the former reflects the inclusion of ice particle gravitational settling 467 

effect, which results in increased transport from the upper to lower tropsophere, as well as the 468 

model dignosed tropopause that is lower by one model layer. Interestingly, when specifying 469 

ozone concentrations in the lowermost stratosphere (70hPa) and letting the model (GEOS-Chem) 470 

transport this ozone as an inert tracer into the troposphere, Bey et al. [2001] found a similar 471 

overestimate in an ozone simulation with the GEOS-1 data, as diagnosed by the simulation of 472 

tropospheric ozone concentrations at high latitudes in winter where transport from the 473 

stratosphere is a major source.  This indicates that model’s deficiency in cross-tropopause 474 

transport as diagnosed using 7Be tracers has similar consequences for cross-tropopause transport 475 

of ozone. 476 

Koch and Rind [1998] used a 31-layer version of the GISS GCM to simulate 7Be and 10Be 477 

and used tropospheric 10Be/7Be as indicator of STE. Based on limited observations, they 478 

suggested that leakage into the troposphere is somewhat excessive in the model, particularly at 479 

high latitudes. Using the GISS II’ GCM, McLinden et al. [2000] found that a large fraction of the 480 

cross-tropopause transport of ozone occurs at the poles which is inconsistent with the current 481 

understanding of stratosphere-troposphere excahnge, despite that the global stratosphere-482 

troposphere exchange fluxes of ozone compare well with their best estimate of 475±120 Tg/year 483 
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based on measurements and tracer-tracer correlation. Shindell et al. [2003] presented an updated 484 

version of the GISS II’ climate model which still overestimates ozone in the middle troposphere 485 

at high latitudes, likely reflecting deficiencies in the model’s downward transport of stratospheric 486 

air.  Our conclusions about cross-tropopause transport of 7Be in GISS II’ in this work are 487 

consistent with these previous studies.  Overestimated STE fluxes of 7Be (by a factor of 2-3) as 488 

diagnosed in GMI/GISS based on the DH85 constraint simply reflect the incorrect latitudinal 489 

distribution of cross-tropopause transport, that is, too fast STE at higher latitudes and too slow 490 

STE at lower latitudes. The DH85 constraint was only applicable and applied for NH midlatitude 491 

surface and thus does not provide constraint on the model global STE flux of 7Be if the 492 

latitudinal distribution of STE is incorret. 493 

The large-scale stratospheric transport (Brewer-Dobson circulation) in fvGCM has been 494 

shown to be realistic [Douglass et al., 2003] and mean age of stratospheric air is similar to 495 

observations [Strahan and Douglass, 2004; Douglass et al., 2008; Strahan et al., 2009]. This 496 

suggests credible cross-tropopause transport of mass and ozone in fvGCM because the large-497 

scale exchange between the stratosphere and troposphere is largely tied to the Brewer-Dobson 498 

circulation through the overworld wave driving [Holton et al., 1995; Olsen et al., 2004]. Based 499 

on this finding, the meteorological data from fvGCM was used to drive GMI CTM by several 500 

authors to study tropospheric ozone. Considine et al. [2008] evaluated near-tropopause ozone 501 

distributions with ozonesonde data. Terao et al. [2008] examined the role of variability in the 502 

input of stratospheric ozone on the interannual variability of tropospheric ozone in the northern 503 

extratropics. Liang et al. [2009] investigated the impact of stratosphere-to-troposphere transport 504 

on tropospheric ozone and NOx chemistry over the Arctic. By constrast, GEOS4-DAS tends to 505 

have too strong of a residual circulation, and the age of air is too young as compared to 506 
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observations [Schoeberl et al., 2003; Schoeberl, 2004; Douglass et al., 2008]. A GMI CTM 507 

simulation driven with the GEOS4-DAS meteorological fields showed the model’s inadequancy 508 

in simulating upper-tropospheric ozone [Liang et al., 2009]. These findings are consistent with 509 

what we illustrated in this study from a perspective of 7Be tracers. That is, GEOS4-DAS features 510 

larger impact of STE on the troposphere (especially UT) than fvGCM does, while the latter has 511 

more credible cross-tropopause transport as constrained by observed 7Be deposition fluxes 512 

(Figure 3b) and the DH85 criterion (Figure 4).  513 

 514 

6.  Application to other meteorological fields 515 

In previous sections, we have established 7Be as a useful utility for testing the cross-516 

tropopause transport in global models. In practical applications, such as the development and 517 

evaluations of new global models, the DH85 constraint may be used routinely to assess the cross-518 

tropopause transport. These models can be either online (e.g., GCMs) or offline (e.g., CTMs 519 

driven with archived meteorological data). In this section, we illustrate such applications by 520 

applying the DH85 constraint to assess cross-tropopause transport of 7Be in a few other 521 

meteorological fields, including those from GFDL AM2, GEOS3-DAS and GEOS5-DAS. Model 522 

simulations are conducted with AM2 GCM and GEOS-Chem CTM (driven by a series of GEOS-523 

DAS meteorological data), respectively.  524 

The GFDL coupled chemistry-climate model (AM2-Chem) is developed by implementing 525 

a tropospheric chemistry package from the global MOZART-2 model [Horowitz et al., 2003] 526 

within the AM2 climate model [GFDL GAMDT, 2004]. Built on this framework, we have made 527 

the model capable of simulating both 210Pb and 7Be aerosol tracers by implementing their sources 528 

and sinks, i.e., dry and wet deposition, and radioactive decay (Liu et al., Lead-210 and beryllium-529 
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7 simulations with the new GFDL global atmosphere model AM2, Technical report, submitted to 530 

UCAR Visiting Scientist Program, Boulder, CO, May 2006). The model has a resolution of 2.0º 531 

latitude by 2.5º longitude with 24 vertical hybrid levels. In the vertical, sigma surfaces near the 532 

surface continuously transform to pressure surfaces above 250 hPa.  Nine model layers are 533 

located below 1.5 km above the surface. The resolution is approximately 2 km in the upper 534 

troposphere. There are five levels in the stratosphere, with top level at about 3 hPa. We use the 535 

Lal and Peters [1967] 7Be source for 1958, and the Harvard wet deposition scheme for the 536 

rainout (in-cloud scavenging) and washout (below-cloud scavenging) due to stratiform 537 

precipitation [Liu et al., 2001]. Convective scavenging of aerosols was coupled with the RAS 538 

cumulus parameterization. We conduct model integrations for six years (1982–1987) forced with 539 

observed sea surface temperature and use the year 1987 for analysis. Interannual variability does 540 

not significantly affect our results.  541 

When the model vertical grid level containing the tropopause is included as part of the 542 

troposphere, the AM2-Chem diagnosed stratospheric fraction of surface 7Be at NH mid-latitudes 543 

(~25-30%) qualitatively agrees with the DH85 criterion (Figure 7). However, when it is 544 

included as part of the stratosphere, the corresponding fraction would dramatically increase to 545 

~45% (not shown), reflecting the very coarse resolution near the tropopause. Thus, 7Be is a 546 

useful diagnostic of cross-tropopause transport only when there is high vertical resolution around 547 

the tropopause region, so that the variability associated with its placement is relatively low. Such 548 

is the case in the newer version of the AM model (AM3 with 48 vertical levels). 549 

We previously assessed the cross-tropopause transport of 7Be in GEOS1-DAS and GEOS1-550 

STRAT-DAS with the GEOS-Chem model [Liu et al., 2001]. We extend here the assessment to 551 

other meteorological fields that drives GEOS-Chem, including GEOS3-DAS (2001), GEOS4-552 
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DAS (2004) and GEOS5-DAS (2004). GEOS4-DAS has been assessed earlier for cross-553 

tropopause transport of 7Be with GMI CTM but is included here for comparion purposes. In 554 

particular, GEOS5-DAS is the most recent version of the GEOS series of assimilated 555 

meteorological dateset available at NASA GMAO. It is being widely used in tropospheric 556 

chemistry modeling studies, for which characterizing cross-tropopause transport in GEOS5-DAS 557 

has important implications. Figure 8 shows stratospheric fraction (%) of annual zonal mean 558 

tropospheric 7Be concentrations as a function of latitude and pressure as simulated by GEOS-559 

Chem driven with GEOS3-DAS, GEOS4-DAS and GEOS5-DAS, respectively. Slower cross-560 

tropopause transport is seen in GEOS3-DAS than in GEOS4-DAS and GEOS5-DAS. This may 561 

partly explain the low 7Be bias in the lower troposphere in a CTM driven with GEOS3-DAS 562 

[Allen et al., 2003]. Overall, both the GEOS4-DAS and GEOS5-DAS represent reasonably well 563 

the impact of cross-tropopause transport on surface 7Be concentrations on the basis of the DH85 564 

constraint. This shows that models which utilize either of these fields could implement the 565 

“Linoz” ozone scheme  and expect satisfactory results. However, GEOS-5-DAS shows smaller 566 

STE influence in the middle troposphere than GEOS4-DAS and is more consistent with 567 

GMI/fvGCM (Figure 8 vs. Figure 4a). As discussed above, fvGCM has more credible cross-568 

tropopause transport than GEOS4-DAS. This suggests that GEOS5-DAS improves over GEOS4-569 

DAS on the impact of cross-tropopause transport on the upper and middle troposphere.  570 

 571 

7.  Implications for cross-tropopause transport of ozone 572 

In this section we discuss the implications of different characteristics of cross-tropopause 573 

transport of 7Be for stratospheric influence on tropospheric ozone in different meteorological 574 

fields. At the time of this writing, the GMI Combo model can be driven with GEOS1-STRAT, 575 
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fvGCM and GEOS4-DAS (not GISS II’) meteorological fields. This allows us to examine any 576 

potential relationship between the cross-tropopause transport of 7Be and ozone when these fields 577 

are used to drive the model. 578 

Ozonesonde, surface and satellite observations provide useful constraints on the 579 

stratospheric contribution to tropospheric ozone [e.g., Rind et al., 2007]. Figure 9 shows 580 

comparisons of model tropospheric ozone profiles with annual mean ozoneosnde observations 581 

for a range of latitudes [Considine et al., 2008]. These results are typical of other stations at 582 

similar latitudes. The GMI/GEOS1-STRAT simulation produces excessive ozone throughout the 583 

troposphere at all latitudes except in the tropics while the GMI/fvGCM and GMI/GEOS4-DAS 584 

simulations are generally in agreement with the observations (with slightly overpredicted ozone 585 

in the midlatitude uppper troposphere). The model overestimate with GEOS1-STRAT is largest 586 

in spring. We also compared model surface ozone concentrations with the Logan [1999] surface 587 

ozone dateset (not shown). Among the three GMI Combo simulations, the GMI/GEOS1-STRAT 588 

simulation shows the largest errors in surface ozone concentrations during winter and spring 589 

when stratospheric contribution is at its peak. These are in line with the relatve magnitudes of 590 

cross-tropopause transport efficiencies of 7Be in the three meteorological fields (i.e., too fast STE 591 

in GEOS1-STRAT), which we discussed in previous sections. Indeed, the tropospheric version 592 

of the GMI/GEOS1-STRAT model with constrained STE flux of ozone (about 579 Tg/year) 593 

simulates ozonesonde observations of tropospheric ozone reasonably well (dotted line, Figure 594 

9). 595 

Figure 10 shows GMI simulated annual zonal mean tropospheric ozone column (TOC), in 596 

Dobson Units, compared with observed climatologies (October 2004-July 2008) from 597 

TOMS/SBUV [Fishman et al., 2003] and OMI/MLS [Ziemke et al., 2006]. The WMO definition 598 
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of thermal tropopause is used to calcuate the model TOC. While the GMI/fvGCM and 599 

GMI/GEOS4-DAS simulations are similar and overestimate the observations by up to ~20 DU, 600 

the GMI/GEOS1-STRAT simulation overestimates the observations by as large as ~40 DU. The 601 

excessive estimate by GMI/GEOS1-STRAT with maxima at 30ºN and 30ºS suggests too fast 602 

downward transport of ozone from the stratosphere. The tropospheric version of the 603 

GMI/GEOS1-STRAT model with constrained STE flux of ozone provides a much better 604 

simulation of global TOCs (red dashed line, Figure 10), which are comparable to those from 605 

GMI/fvGCM and GMI/GEOS4-DAS simulations. However, model TOCs are still ~10-14DU 606 

larger than satellite observations in the subtropics and midlatitudes. Previously, Ziemke et al. 607 

[2006] considered uncertainties in both model and observations and subjectively interpreted 608 

model-OMI/MLS TOC differences of 10 DU and higher as significant. As Stajnere et al. [2008] 609 

noted, too low extratropical tropopause used by Ziemke et al. [2006] may have played an 610 

important role in the underestimation of OMI/MLS TOC. Yang et al. [2010] also found that their 611 

OMI/MLS potential vorticity mapped TOCs are smaller than ozonesonde TOCs by 5.9 DU with 612 

a standard deviation of the differences of 8.4 DU. On the other hand, the GMI/fvGCM 613 

simulation tends to overestimate the upper-tropospheric (near-tropopause) ozone at midlatitudes 614 

(Figure 9); these biases do not appear to be due to excessive stratospheric influence [Considine et 615 

al., 2008]. Current global models, including the GMI model, also overpredict surface ozone 616 

during summer and early fall over the eastern U.S. and Japan [Fiore et al., 2009]. Therefore the 617 

model TOCs are very likely biased high. 618 

We further examine the relationship between the cross-tropopause transport of 7Be and 619 

ozone with the GEOS1-STRAT meteorological fields, in which case STE is known to be too 620 

fast. Figure 11a shows the latitudinal variations of annual zonal mean tropospheric 7Be column 621 
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overestimate (∆7Be) and TOC overestimate (∆TOC) in the GMI/GEOS1-STRAT simulation. 622 

∆7Be is obtained by subtraction of the STE-flux-adjusted simulation (section 2.3) from the 623 

standard simulation. ∆TOC is obtained by subtraction of the GMI tropospheric model simulation 624 

(with STE flux of ozone about 579 Tg/year) from the GMI Combo model simulation. Figure 625 

11b shows the correlation between the global distributions of ∆7Be and ∆TOC. The lines of best 626 

fit are calculated using the reduced-major-axis (RMA) method [Hirsch and Gilroy, 1984]. 627 

Standard errors for the intercept and the slope are computed as described by Miller and Kahn 628 

[1962]. Overall, the location of overestimated ozone follows that of overestimated 7Be, with both 629 

maxima near 30ºN and 30ºS. The strong correlation between ∆7Be and ∆TOC implies that 7Be is 630 

a good indicator of cross-tropopause transport of ozone. These support our conclusion that 7Be is 631 

a useful utility for assessing cross-tropopause transport of ozone in global models.  632 

 633 

8.  Summary and Conclusions 634 

We have assessed the ability of the Global Modeling Initiative (GMI) chemical transport 635 

model (CTM) to simulate the atmospheric distributions of 7Be, a natural aerosol tracer 636 

originating from the upper troposphere/lower stratosphere and removed from the troposphere 637 

primarily by wet deposition. The model was driven by four meteorological data sets (GEOS1-638 

STRAT, GISS-II’, fvGCM, GEOS-4 DAS) which feature different cross-tropopause transport 639 

characteristics. The GMI modeling framework was configured such that the variability between 640 

the simulations mainly reflects the use of different meteorological data. Our goal was to assess 641 

the utility of 7Be as a tracer of cross-tropopause transport in global models and develop a 642 

methodology to exploit such a utility. We have also discussed the implications of excessive 643 
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cross-tropopause transport as revealed by 7Be simulations for the modeling of tropospheric 644 

ozone. 645 

We evaluated the four simulations of 7Be with RANDAB, a unique database of upper 646 

atmosphere radionuclide climatological observations compiled by the DOE (now DHS) 647 

Environmental Measurement Laboratory, as well as long-term measurements at the surface. 648 

Model simulations capture well the UT/LS observations with respect to latitudinal distributions. 649 

The GMI/GEOS1-STRAT simulation shows the lowest 7Be concentrations among the four 650 

simulations in the lower stratosphere, and underestimates the observations.  This reflects the 651 

well-known highly overestimated cross-tropopause transport in GEOS1-STRAT DAS. At the 652 

surface, the model simulates well the latitudinal trends of 7Be concentrations, but shows too high 653 

7Be concentrations at high latitudes in GISS-II’. The GMI/fvGCM simulated 7Be deposition 654 

fluxes are most close to the observations, while the GMI/GEOS1-STRAT overestimates the 655 

observed 7Be deposition fluxes at subtropical latitudes by up to a factor of 2.5 (30ºN) and the 656 

GMI GISS-II’ simulations are too high by factor of 2 at high latitudes (45-60ºN). We associated 657 

these model performances with the capability of their respective meteorological fields to 658 

correctly represent cross-tropopause transport. As such we demonstrated that the observed 7Be 659 

deposition fluxes offer a strong constraint on stratosphere to troposphere transport in global 660 

models. 661 

We examined within the GMI modeling framework the Dutkiewicz and Husain [1985] 662 

(DH85) constraint on the stratospheric contribution to tropospheric 7Be. DH85 analyzed the 663 

observed 7Be/90Sr ratio which suggests that 23-27% of the 7Be in surface air at northern mid-664 

latitudes is of stratospheric origin. This constraint offers a sensitive test of cross-tropopause 665 

transport in global models. Comparison of the fraction of surface air of stratospheric origin 666 
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estimated from the 7Be simulations with the DH85 constraint indicates excessive cross-667 

tropopause transport at mid-latitudes with the GEOS1-STRAT meteorological fields and at high 668 

latitudes with the GISS II’ fields. Interestingly, these simulations also overestimate observed 7Be 669 

deposition fluxes at middle and high latitudes, respectively. With a correction to cross-670 

tropopause flux, the model simulates better surface 7Be concentrations and total deposition 671 

fluxes. By contrast, the fvGCM meteorological data yield most reasonable cross-tropopause 672 

transport of 7Be according to the DH85 constraint, consistent with the fact that the GMI/fvGCM 673 

simulated 7Be deposition fluxes are most close to the observations. These results illustrate that 674 

the GMI framework is very useful for characterizing and helping reduce uncertainties in the 675 

processes such as cross-tropopause transport in the meteorological fields that are used to drive 676 

chemical transport models. Note that since wet deposition removes both the stratospheric and 677 

tropospheric components of 7Be nondiscriminatively, the model diagnosed fraction of 7Be of 678 

stratospheric origin does not significantly depend on the rate of wet removal. 679 

The model diagnosed stratospheric fraction of 7Be in surface air is sensitive to the 680 

diagnosed location of tropopause, in particular when the model vertical resolution is relatively 681 

coarse near the tropopause region. This suggests that stratospheric fraction of 7Be is a useful 682 

diagostic when the model has sufficient vertical resolution so that the tropopause can be well 683 

defined. We used the WMO definition of thermal tropopause and include the diagnosed 684 

tropopause model layer as part of the troposphere (versus the stratosphere). As such our 685 

assessement of cross-tropopause transport of 7Be in the four meteorological data sets (GEOS1-686 

STRAT, GISS II’, fvGCM, and GEOS4-DAS) are consisent with previous modeling studies of 687 

stratospheric influence on tropospheric ozone with the same meteorological data sets. 688 



 31

We further applied the DH85 constraint to assess cross-tropopause transport of 7Be in other 689 

meteorological data sets, including those from GFDL AM2 GCM (via online simulation), 690 

GEOS-3 DAS and GEOS-5 DAS (via offline GEOS-Chem model simulation). The diagnosed 691 

stratospheric fraction of surface 7Be at NH mid-latitudes in AM2 qualitatively agrees with the 692 

DH85 constraint. However, this diagnostic has a large uncertainty due to the coarse resolution 693 

near the tropopause region in AM2. Slower cross-tropopause transport is seen in GEOS3-DAS 694 

than in GEOS4-DAS and GEOS5-DAS; the latter two meteorological fields represent the impact 695 

of cross-tropopause transport on surface 7Be concentrations reasonably well. One of the 696 

implications is that it would be appropriate to implement “Linoz” ozone [McLinden et al., 2000] 697 

in a chemical transport model driven with GEOS-4 DAS or GEOS-5 DAS. On the other hand, 698 

similar to fvGCM, GEOS5-DAS appears to show a smaller impact of cross-tropopause transport 699 

on the upper and middle troposphere, improving over GEOS-4 DAS. 700 

Incorrect cross-tropopause transport of 7Be implies misrepresented downward influx of 701 

stratospheric ozone to the troposphere in a model. We demonstrated this by examining the 702 

relationship between the cross-tropopause transport of 7Be and ozone as simulated by GMI CTM 703 

driven with GEOS1-STRAT, fvGCM and GEOS4-DAS meteorological fields. We found that 704 

excessive cross-tropopause transport of 7Be corresponds to overestimated stratospheric 705 

contribution to tropospheric ozone, as constrained by ozonesonde, surface and satellite 706 

observations. 707 

In summary, the 7Be simulation, which is computationally cheap and technically simple, in 708 

combination with the DH85 7Be observational constraint and observed 7Be deposition fluxes 709 

may be used routinely to assess cross-tropopause transport in global models. We recommend 710 

transporting separately in the model the 7Be produced in the stratosphere (7Be-strat) and 711 
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evaluating the ratio of 7Be-strat to total 7Be (i.e., beryllium-7 produced in both the stratosphere 712 

and the troposphere) in surface air against the DH85 constraint, as illustrated in this paper. This 713 

can serve as a first-order assessment of cross-tropopause transport in the model and therefore 714 

help determine whether either “Synoz” or “Linoz” ozone should be used for the stratosphere in 715 

the studies that focus on the troposphere. While this study uses 7Be alone, future work will 716 

include using 10Be/7Be, a more sensitive indicator of STE [Rehfeld and Heimann, 1995; Koch et 717 

al., 1998; Jordan et al., 2003], within the GMI modeling framework.  718 
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 963 

Table 1. Characteristics of meteorological data sets used to drive the GMI CTM. 964 

 965 

Data Set Number 

of levels 

Top 

Pressure 

(hPa) 

Vertical 

Coordinate 

Interface  

Pressure 

(hPa)a 

Near-

Tropopause 

Resolution (km) 

Bottom 

layer depth 

(hPa, m) 

Update  

Period (h) 

GEOS1-

STRAT 

46 0.1 σ N/A ~1.0 ~12.13hPa, 

~100m 

6 

GISS II’ 23 0.002 σ-P 150 ~1.8-2.5 ~24.46hPa, 

~200m 

3 

fvGCM 42 (55b) 0.9 (0.01b) σ-P 200 ~1.0 ~14.89hPa, 

~130m 

3 

GEOS-4 42 (55b) 0.9 (0.01b) σ-P 200 ~1.0 ~14.89hPa, 

~130m 

3 

aThe hybrid vertical coordinate consists of sigma (σ) levels below the interface pressure and 966 

constant pressure (P) levels above. 967 

bThe total number of vertical levels and top level pressure in the original meteorological data set.  968 

 969 
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 970 

 971 

 972 

Figure 1.  Annual zonal mean mixing ratios (mBq/SCM) of 7Be as a function of latitude and 973 

pressure, as simulated by the standard GMI CTM. The white lines indicate the annual average 974 

thermal tropopause height. Contour levels are 2, 5, 10, 20, 50, 100, 200, 500 mBq/SCM.  975 

 976 
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 978 

 979 

Figure 2. Observed and simulated latitudinal distributions of 7Be in the (a) 12-16km and (b) 16-980 

20km regions. Observed data from the EML RANDAB database are averaged into 10º bins, 981 

following Considine et al. [2005]. Error bars represent ±2 times the standard error of the 982 

averages. Model results are sampled at observation locations and month. Also shown as dashed 983 

lines are model zonal mean 7Be concentrations to show the global representativeness of the 984 

averages constructed from sampling the simulations at the obervation locations. 985 

 986 
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 987 

 988 

Figure 3. (a). Observed and simulated latitudinal distributions of 7Be near the surface. 7Be cross-989 

tropopause fluxes were not adjusted for the GEOS1-STRAT, GISS and GEOS4-DAS 990 

simulations (see section 3). Observed data from the EML Surface Air Sampling Program (SASP) 991 

database are averaged into 10º bins. Those sites with elevation higher than 500m are not 992 

included. Error bars represent ±2 times the standard error of the averages. Model results are 993 

sampled at observation locations and month. (b). Observed (black) and GMI simulated (color) 994 

annual average total deposition fluxes of 7Be (at 25 sites) as a function of latitude. The data from 995 

individual sites are averaged over 4o latitude bins. The model is sampled at observation locations.  996 

 997 



 48

 998 

 999 

Figure 4. (a). Stratospheric fraction (%) of zonal mean tropospheric 7Be concentrations in the 1000 

standard model simulations as a function of latitude and pressure. Values are annual averages. 1001 

The white lines indicate thermal tropopause height. Contour levels are 5, 10, 20, 25, 30, 35, 40, 1002 

45, 50, 60, 70, 80, 90%. (b). Stratospheric fraction of zonal mean surface 7Be concentrations 1003 

(solid lines) and 7Be total deposition fluxes (dashed lines) in the standard simulation. Values are 1004 

annual averages. 1005 
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 1007 

Figure 5. Same as Figure 4, except that 7Be cross-tropopause fluxes have been adjusted for 1008 

GMI/GEOS1-STRAT and GMI/GISS. 1009 
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 1011 

Figure 6. Same as Figure 3, except that 7Be cross-tropopause fluxes have been adjusted for 1012 

GMI/GEOS1-STRAT and GMI/GISS. 1013 
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 1017 

Figure 7.  Same as Figure 4a, except for AM2 GCM.(year 1987). 1018 
 1019 
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 1024 

 1025 

 1026 

 1027 

Figure 8.  Same as Figure 4a, except that the GEOS-Chem model was driven with the GEOS3-1028 

DAS (2001), GEOS4-DAS (2004), and GEOS5-DAS (2004) meteorological fields.  1029 

 1030 
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 1037 

 1038 
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 1039 

Figure 9.  Comparisons of GMI simulated tropospheric ozone profiles (color lines) with 1040 

ozonesonde observations (black line) for a range of latitudes. Values are annual averages. Solid 1041 

color lines indicate the GMI Combo simulations. Also shown as dotted lines are tropospheric 1042 

ozone profiles as simulated by the GMI tropospheric model driven by the GEOS1-STRAT 1043 

meteorological field. The horizontal grey line indicates the approximate location of tropopause 1044 

(i.e., the pressure level corresponding to 100 ppbv ozone concentrations in the ozonesonde 1045 

observations).  1046 
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 1049 

Figure 10.  GMI Combo simulated annual zonal mean tropospheric ozone column (TOC in 1050 

Dobson Units) compared with observed tropospheric ozone residuals (October 2004-July 2008 1051 

average) from TOMS/SBUV and OMI/MLS. Also shown is the annual zonal mean TOC 1052 

simulated by the tropospheric version of the GMI model. 1053 
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 1058 

Figure 11. (a). Latitudinal variations of annual zonal mean 7Be overestimate (∆7Be) and 1059 

tropospheric ozone column overestimate (∆TOC) as simulated by GMI/GEOS1-STRAT; (b). the 1060 

correlation between the global distributions of ∆7Be and ∆TOC. The lines of best fit are 1061 

calculated using the reduced-major-axis (RMA) method [Hirsch and Gilroy, 1984]. See text for 1062 

details. 1063 


