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Abstract. We use the Global Modeling Initiative (GMI)

modeling framework to assess the utility of cosmogenic

beryllium-7 (7Be), a natural aerosol tracer, for evaluat-

ing cross-tropopause transport in global models. The GMI

chemical transport model (CTM) was used to simulate at-

mospheric 7Be distributions using four different meteoro-

logical data sets (GEOS1-STRAT DAS, GISS II′ GCM,

fvGCM, and GEOS4-DAS), featuring significantly differ-

ent stratosphere–troposphere exchange (STE) characteris-

tics. The simulations were compared with the upper tropo-

sphere and/or lower stratosphere (UT/LS) 7Be climatology

constructed from ∼ 25 years of aircraft and balloon data, as

well as climatological records of surface concentrations and

deposition fluxes. Comparison of the fraction of surface air

of stratospheric origin estimated from the 7Be simulations

with observationally derived estimates indicates excessive

cross-tropopause transport at mid-latitudes in simulations us-

ing GEOS1-STRAT and at high latitudes using GISS II′ me-

teorological data. These simulations also overestimate 7Be

deposition fluxes at mid-latitudes (GEOS1-STRAT) and at

high latitudes (GISS II′), respectively. We show that exces-

sive cross-tropopause transport of 7Be corresponds to over-

estimated stratospheric contribution to tropospheric ozone.

Our perspectives on STE in these meteorological fields based

on 7Be simulations are consistent with previous modeling

studies of tropospheric ozone using the same meteorologi-

cal fields. We conclude that the observational constraints for
7Be and observed 7Be total deposition fluxes can be used rou-

tinely as a first-order assessment of cross-tropopause trans-

port in global models.

1 Introduction

Stratosphere–troposphere exchange (STE) of air masses and

chemical species occurs at small, synoptic and global scales.

It is typically associated with the occurrences of tropopause

folding and cutoff cyclones and, more importantly, the global

circulation of the atmosphere (Holton et al., 1995). While

stratosphere-to-troposphere transport removes many chemi-

cal species from the stratosphere, it represents a significant

source of ozone and other reactive species for the tropo-

spheric chemical system (Stohl et al., 2003). Ozone is an im-

portant greenhouse gas, especially in the upper troposphere.
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It is a harmful pollutant near the surface where stratospheric

ozone intrusions may make significant contributions (e.g.,

Lin et al., 2012, 2015; Langford et al., 2015). It is also the

main precursor of hydroxyl radicals (OH) and thus plays an

essential role in the oxidizing capacity of the troposphere. In

a warmer climate, the stratosphere may increase its contribu-

tion to tropospheric ozone levels due to a stronger residual

circulation (Collins et al., 2003). Quantitative understanding

and prediction of anthropogenic (vs. natural) perturbations

to tropospheric ozone require the use of global 3-D models;

correctly representing the STE flux in these models is there-

fore critical. However, current models show large (30 %) un-

certainty in predicted STE fluxes of ozone (Stevenson et al.,

2006). Here we use the Global Modeling Initiative (GMI)

modeling framework (Douglass et al., 1999; Rotman et al.,

2001) to assess the utility of the aerosol tracer beryllium-

7 (7Be) for evaluating cross-tropopause transport in global

models.

Beryllium-7 has a half-life of 53.3 days and is produced

by cosmic ray spallation reactions in the stratosphere and up-

per troposphere. After production, it attaches immediately to

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

the air until scavenged by precipitation or deposited to the

surface. 7Be is a useful aerosol tracer for testing wet depo-

sition processes in a global 3-D model and is often used in

conjunction with the terrigenic 210Pb aerosol tracer, as wet

deposition is its principal sink and its sources are relatively

well known (e.g., Brost et al., 1991; Koch et al., 1996; Liu

et al., 2001). On the other hand, because of its source at

high altitudes and the large concentration vertical gradient,

simulation of 7Be tests the model’s capability to describe

stratosphere-to-troposphere transport and subsidence in the

troposphere (e.g., Liu et al., 2001; Allen et al., 2003).

Beryllium-7 has long been recognized as a tracer of down-

ward transport from the stratosphere to the troposphere (e.g.,

Husain et al., 1977; Viezee and Singh, 1980; Sanak et

al., 1985; Dibb et al., 1992, 1994; Rehfeld and Heimann,

1995). Husain et al. (1977) reported that pulses of high
7Be concentrations were often associated with air masses of

stratospheric origin, as indicated by large potential vorticity.

Viezee and Singh (1980) showed that the 7Be concentrations

over North America show strong positive correlations with

the occurrence of tropopause folding events over several lat-

itude belts. 7Be has also been combined with other radionu-

clides (e.g., 10Be, 90Sr) as an indicator of transport of strato-

spheric air to the troposphere (Raisbeck et al., 1981; Rehfeld

and Heimann, 1995; Koch and Rind, 1998; Dibb et al., 1994;

Jordan et al., 2003; Zanis et al., 2003; Heikkilä et al., 2008a,

b). Dutkiewicz and Husain (1985, hereafter referred to as

DH85) analyzed 7Be and 90Sr concentrations measured si-

multaneously in samples from NASA’s Global Atmospheric

Sampling Program (GASP) and showed that on an annual ba-

sis the stratosphere contributed ∼ 25 % of the observed 7Be

concentration at the northern mid-latitude surface (∼ 40 %

during late spring but only 10 % during fall).

Beryllium-7 is also a useful tracer for vertical mixing and

subsidence in the troposphere. Feely et al. (1989) examined

the factors that contribute to seasonal variations in 7Be con-

centrations in surface air. They found that the influences of

variations both in the STE rate and in the tropospheric ver-

tical mixing rate are evident in concentrations at most sites

in mid-latitudes. Convective transport carries surface air up-

ward and brings down the 7Be at higher altitudes to the sur-

face layer. This is also reflected by the 7Be / 210Pb ratio that

peaks at the surface in summer when convective activity is

at its maximum (Koch et al., 1996). On the other hand, de-

spite the UT/LS source of 7Be and the continental surface

source of 222Rn (precursor of 210Pb), 7Be concentrations

have been reported to be positively correlated with 210Pb

concentrations, reflecting mixing of subsiding middle- and

upper-tropospheric air with continental lower-tropospheric

air (Li et al., 2002; Dibb, 2007).

A number of observational studies have demonstrated the

feasibility of using 7Be to infer the contribution of ozone-

rich stratospheric air to ozone concentrations at ground level

(e.g., Husain et al., 1977; Tsutsumi et al., 1998; Helmig

et al., 2007) and in the free troposphere (e.g., Johnson and

Viezee, 1981; Prospero et al., 1995; Graustein and Turekian,

1996; Kritz et al., 1991; Dibb et al., 2003). These studies are

usually based on the correlations between concurrent mea-

surements of ozone and 7Be (as well as other tracers such

as water vapor and calculated potential vorticity), with pos-

itive 7Be-ozone correlations indicating the presence of the

upper-tropospheric or stratospheric air. For instance, Helmig

et al. (2007) showed a year-round correlation of ozone with
7Be at Summit, Greenland and concluded that surface-layer

photochemical ozone production does not appear to have

a noticeable influence on surface ozone levels. However, it

is important to note that under some circumstances the ob-

served positive correlations of surface ozone with 7Be may

simply reflect the common vertical trends of tropospheric
7Be and ozone and does not necessarily indicate the influence

of stratospheric air (Li et al., 2002). Recent global modeling

studies showed the models’ capability to reproduce the ob-

served 7Be-ozone relationships, providing useful constraints

on the stratospheric (vs. photochemical) contribution to tro-

pospheric ozone in the model (Li et al., 2002; Allen et al.,

2003; Liu et al., 2004).

Though correct representation of STE is essential for sim-

ulating 7Be, ozone and other trace species in the troposphere

(e.g., Riese et al., 2012), large variations exist among mod-

els. Stevenson et al. (2006) reported the average STE flux of

ozone from 26 models of 552± 168 Tg year−1. Observation-

based estimates of STE fluxes of ozone into the troposphere

are typically in the range of 400–600 Tg year−1 (Murphy

and Fahey, 1994). Some global models are able to produce

STE fluxes of ozone in this range (e.g., Olsen et al., 2004;

Hsu et al., 2005; Hsu and Prather, 2009; Lin et al., 2012;
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Young et al., 2013; Škerlak et al., 2014). For those models

with too fast (or rarely, too slow) cross-tropopause transport

of ozone, one way to overcome the difficulty is to use the

Synoz (synthetic ozone) method (McLinden et al., 2000).

The Synoz method involves constraining the global mean

cross-tropopause ozone flux to match a prescribed value

consistent with observations (e.g., Bey et al., 2001). But

this method yields an unrealistic stratospheric ozone field

and therefore does not allow for on-line calculations of to-

tal ozone columns and photolysis rates and/or heating rates

(McLinden et al., 2000). By contrast, the other simple model

for stratospheric ozone (linearized ozone or Linoz) devel-

oped by McLinden et al. (2000) enables these on-line cal-

culations by linearizing the ozone tendency about the local

ozone mixing ratio, temperature, and the overhead column

ozone density. Linoz is computationally efficient and can be

readily incorporated in climate models for long-term integra-

tions. Nevertheless, using Linoz (or full stratospheric chem-

istry) in global CTMs or chemistry-climate models that focus

on the troposphere requires a realistic model representation

of net cross-tropopause total mass fluxes. In this context, 7Be

tracer simulations may provide a simple way of evaluating

cross-tropopause transport in these models.

The intermodel differences in the estimated intensity and

frequency of STE have been attributed to different meteo-

rological fields used to drive the models as well as differ-

ent transport algorithms and chemistry processes (Cristo-

fanelli et al., 2003). The GMI modeling framework facili-

tates the reduction of uncertainties of this kind. It is a mod-

ular CTM with the ability to incorporate different inputs and

components (e.g., meteorological fields, emission invento-

ries, chemical and microphysical mechanisms, and numeri-

cal schemes) that represent the different approaches of cur-

rent models. One of the distinct features of the GMI CTM

is the ability to be driven by different meteorological data

sets (e.g., Douglass et al., 1999; Considine et al., 2005; Liu

et al., 2007) while maintaining the same algorithms for trans-

port, deposition, emission, chemistry and other pertinent pro-

cesses. This allows us to isolate the uncertainties in the model

simulations due to differences in the meteorological data sets

alone. The number of factors that may contribute to differ-

ences in the simulations is thus reduced, as we previously

showed using the GMI simulated 222Rn and 210Pb radionu-

clide tracers (Considine et al., 2005).

In this paper, we present simulations of atmospheric 7Be

distributions with the GMI CTM driven by four different

meteorological data sets, including output from GEOS1-

STRAT, GISS II′ GCM, fvGCM, and GEOS4-DAS, each

featuring significantly different STE characteristics. The

reader is referred to Table 1 for a list of acronyms of models

and their driving meteorological data sets. We use here not

only the meteorological fields that are well known to have

reasonably good representations of STE (e.g., fvGCM), but

also those with poor representations (e.g., GEOS1-STRAT).

The variability in simulated STE allows us to examine and

assess the utility of 7Be for evaluating STE in these (and

other) global meteorological fields. We will illustrate the

consequences of incorrect STE in terms of the simulation

of tropospheric 7Be and show that 7Be concentrations and

deposition fluxes may be used routinely as a first-order as-

sessment for cross-tropopause transport in global models. We

will discuss how the constraints on STE from 7Be are con-

sistent with previous modeling studies of tropospheric ozone

using the same meteorological fields.

The remainder of this paper is organized as follows. Sec-

tion 2 gives a brief description of the GMI model, 7Be source

and cross-tropopause flux, and 7Be and ozone observational

data sets used for evaluating the model. Section 3 evaluates

model results with UT/LS and surface 7Be data. Section 4

assesses cross-tropopause transport of 7Be in different me-

teorological fields. Section 5 compares the results with pre-

vious modeling studies. Section 6 discusses the implications

for the impact of STE on tropospheric ozone, followed by the

summary and conclusions in Sect. 7.

2 Model and data

2.1 GMI CTM

The GMI (http://gmi.gsfc.nasa.gov) CTM is a global 3-D

composition model that includes a full treatment of both

stratospheric and tropospheric photochemical and physi-

cal processes. It uses a 114-species chemical mechanism

that combines the stratospheric mechanism of Douglass

et al. (2004) with the tropospheric mechanism of Bey et

al. (2001). The chemical mechanism includes both strato-

spheric and tropospheric heterogeneous reactions. Tropo-

spheric aerosol (sulfate, dust, sea salt, organic carbon, and

black carbon) fields are taken from the Goddard Chemistry,

Aerosol, Radiation and Transport model (GOCART). Details

of the model are described in Duncan et al. (2007, 2008),

Strahan et al. (2007), and Considine et al. (2008). There is

also a tropospheric version of the model that includes only

tropospheric chemistry processes and uses the Synoz (syn-

thetic ozone) scheme (McLinden et al., 2000) to ensure a

given value for the total flux of ozone into the troposphere.

The latter adopts a cross-tropopause ozone flux of about 530–

590 Tg year−1 (Stevenson et al., 2006). In this study, we sim-

ulate 7Be using the GMI CTM without chemistry, similar to

the Considine et al. (2005) study that simulated the radionu-

clides 222Rn and 210Pb. We use both the full-chemistry CTM

and the tropospheric version of the model for ozone simula-

tions.

The simulations presented in this paper differ only in

the meteorological data used to drive the model. The four

input meteorological data sets are from (1) the Goddard

Space Flight Center Data Assimilation Office (now Global

Modeling and Assimilation Office or GMAO) GEOS1-

STRAT data assimilation system (GEOS1-STRAT DAS,

www.atmos-chem-phys.net/16/4641/2016/ Atmos. Chem. Phys., 16, 4641–4659, 2016

http://gmi.gsfc.nasa.gov


4644 H. Liu et al.: Using beryllium-7 to assess cross-tropopause transport in global models

Table 1. Acronyms of the model and driving meteorological data sets.

Model/Data Set Acronym

GMI CTM Global Modeling Initiative Chemical Transport Model

GEOS1-STRAT DAS Goddard Earth Observing System Data Assimilation System – version 1

in support of the Stratospheric Tracers of Atmospheric Transport mission

GISS II′ GCM Goddard Institute for Space Studies General Circulation Model – version II′

fvGCM Global Modeling and Assimilation Office (GMAO) finite-volume GCM

GEOS4-DAS GEOS Data Assimilation System – version 4

March 1997–February 1998), (2) GISS II′ GCM (Rind and

Lerner, 1996), (3) the GMAO finite-volume GCM (fvGCM),

and (4) GEOS4-DAS (February 2004–January 2005). The

GISS II′ GCM data set is used for 7Be simulations only.

The two GCM data sets are intended to represent not any

particular year but the contemporary climatological state of

the Earth’s atmosphere. Note that these data sets do not re-

flect the state of the art, especially the first two. However, the

choices are purposely made in order to see how a meteoro-

logical input with a poor representation of cross-tropopause

transport affects the simulated tropospheric 7Be. Vertical

levels, top pressure, near-tropopause resolution, and bottom

layer depth for each data set are listed in Table 2. The sim-

ulations presented here use a degraded horizontal resolution

(4◦× 5◦) for computational expediency. Degraded horizontal

resolution slightly increases cross-tropopause transport (Liu

et al., 2001). Nevertheless, our objective is to assess cross-

tropopause transport in meteorological data sets at the reso-

lution used to drive the model, not necessarily at the original

or finer resolution.

The model uses the flux form semi-Lagrangian advection

scheme (FFSL) of Lin and Rood (1996) and a convective

transport algorithm adapted from the CONVTRAN routine

in the NCAR CCM3 physics package. The wet deposition

scheme is that of Liu et al. (2001) and includes scaveng-

ing in wet convective updrafts, and first-order rainout and

washout from both convective anvils and large-scale precipi-

tation. The gravitational settling effect of cloud ice particles

included in Liu et al. (2001) is not considered here. Dry de-

position of 7Be aerosols is computed using the resistance-in-

series approach. The model tracks the bulk 7Be aerosol mass.

For 7Be simulations, each simulation was run for 6 years, re-

cycling the meteorological data for each year of the simula-

tion; we use the sixth year output for analysis. For ozone sim-

ulations, the model was spun up for 10 years to remove the

effect of initial conditions. Interannual variability in STE of
7Be is not shown in this paper. However, model simulations

driven by multi-year outputs from fvGCM (1994–1998) in-

dicate that such interannual variability is much smaller than

the differences due to using different meteorological data sets

and does not affect the conclusions of this study.

The GMI CTM has been used previously to study the sen-

sitivities of model simulations to different sets of meteoro-

logical input. Douglass et al. (1999) used chemical tracers

in the GMI framework to assess three meteorological data

sets, i.e., the NCAR Community Climate Model (CCM2),

GEOS1-STRAT, and GISS II′ GCM. They concluded that

overall, CCM2 provides the best representation of the strato-

sphere. Considine et al. (2005) used the GMI model to sim-

ulate the radionuclides 222Rn and 210Pb using three different

sets of meteorological inputs (GEOS1-STRAT, GISS II′, and

CCM3) to characterize the variability occurring in their sim-

ulations. Overall no simulation was found to be superior to

the others when compared with the climatological observa-

tions of these radionuclides. The role played by convective

transport and scavenging was found to differ substantially

among the three meteorological data sets. Liu et al. (2007)

analyzed and quantified the differences and uncertainties in

GMI aerosol simulations solely due to different meteorolog-

ical fields (GEOS1-STRAT, GISS II′ GCM, and fvGCM).

They suggested that the differences in the precipitation, con-

vective mass flux, and horizontal advection from the three

meteorological data sets explain much of the large discrep-

ancies in the model-calculated aerosol concentrations.

2.2 Comparison of cloud and precipitation fields

between meteorological data sets

Clouds and precipitation play a critical role in the trans-

port and scavenging of 7Be aerosols and thus in determin-

ing the lifetime, burden, and distribution of 7Be in the tro-

posphere. Figures 1 and 2 compare the annual surface to-

tal precipitation and convective mass fluxes in the GEOS1-

STRAT, GISS II′ GCM, fvGCM and GEOS4-DAS meteo-

rological data sets, respectively, following Liu et al. (2007).

Also shown in Fig. 1 is the satellite climatology of sur-

face total precipitation (1979–2009) from the Global Pre-

cipitation Climatology Project (GPCP) (Adler, 2003). The

global mean precipitation rates are 1.9, 2.2, 2.6, 2.3 and

2.2 mm day−1 for GEOS1-STRAT, GISS II′ GCM, fvGCM,

GEOS4-DAS and GPCP, respectively, with lightest precipi-

tation in GEOS1-STRAT and heaviest in fvGCM. Compared

to GPCP, GEOS1-STRAT and GEOS4-DAS significantly un-

derestimate the precipitation in the mid-latitude storm track

regions, while GISS II′ GCM, fvGCM and GEOS4-DAS

largely overestimate the observations in the tropics or sub-

tropics. GISS II′ GCM also underestimates the precipitation

Atmos. Chem. Phys., 16, 4641–4659, 2016 www.atmos-chem-phys.net/16/4641/2016/
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Table 2. Characteristics of meteorological data sets used to drive the GMI CTM.

Data Set Number Top pressure Vertical Interface pressure Near-tropopause Bottom layer Update

of levels (hPa) coordinate (hPa)a resolution (km) depth (hPa, m) period (h)

GEOS1-STRAT 46 0.1 σ n/a ∼ 1.0 ∼ 12.13 hPa, ∼ 100 m 6

GISS II′ 23 0.002 σ -P 150 ∼ 1.8–2.5 ∼ 24.46 hPa, ∼ 200 m 3

fvGCM 42 (55b) 0.9 (0.01b) σ -P 200 ∼ 1.0 ∼ 14.89 hPa, ∼ 130 m 3

GEOS4 42 (55b) 0.9 (0.01b) σ -P 200 ∼ 1.0 ∼ 14.89 hPa, ∼ 130 m 3

a The hybrid vertical coordinate consists of sigma (σ ) levels below the interface pressure and constant pressure (P ) levels above.
b The total number of vertical levels and top level pressure in the original meteorological data set.
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Figure 1. Annual mean total precipitation (mm day−1) at the sur-

face in the GEOS1-STRAT, GISS II′, fvGCM, and GEOS4-DAS

meteorological data sets and in the observational data set from the

Global Precipitation Climatology Project (GPCP, 1979–2009). Also

shown is the annual zonal mean precipitation (bottom right panel).

south of 50◦ S and north of 40◦ N. There are significant dif-

ferences in the convective mass fluxes among the four meteo-

rological data sets (Fig. 2). Consistent with the precipitation,

GEOS1-STRAT shows the weakest convection except in the

tropical middle and upper troposphere, whereas fvGCM fea-

tures the strongest convection in the boundary layer at 30–

60◦ S. The effects of the above differences in convection and

precipitation between meteorological data sets on the results

of this study will be examined through model sensitivity ex-

periments.
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Figure 2. Annual zonal mean convective mass fluxes (kg m−2 s−1)

in the GEOS1-STRAT, GISS II′ GCM, fvGCM, and GEOS4-DAS

meteorological data sets.

2.3 7Be source

There is a large discrepancy in the published estimates of 7Be

production rates (Lal and Peters, 1967, referred to as LP67

hereafter; O’Brien et al., 1991; Masarik and Reedy, 1995;

Masarik and Beer, 1999; Usoskin and Kovaltsov, 2008).

Global mean column production rates over an average so-

lar cycle range from 0.035 atoms cm−2 s−1 (Masarik and

Beer, 1999), 0.063 atoms cm−2 s−1 (O’Brien et al., 1991), to

0.081 atoms cm−2 s−1 (LP67). The Masarik and Beer (1999)

production function is smaller than other estimates by a fac-

tor of 2 or more. It may have underestimated the rate of 7Be

production and slightly overestimated changes in the produc-

tion rate due to variations in geomagnetic and solar mag-

netic field strength (Koch et al., 2006; Field et al., 2006). We

use in the model the LP67 source for 1958 (solar maximum

year) since it leads to the best simulation of aircraft 7Be ob-

servations in the stratosphere where 7Be concentrations are

mainly determined by a balance between production and ra-

dioactive decay (Koch et al., 1996; Liu et al., 2001). Koch

www.atmos-chem-phys.net/16/4641/2016/ Atmos. Chem. Phys., 16, 4641–4659, 2016
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et al. (1996) previously found that the O’Brien et al. (1991)

source yields model 7Be concentrations near the surface and

in the stratosphere that are much lower than observed. The

rates of 7Be production reported more recently by Usoskin

and Kovaltsov (2008) broadly agree with those of LP67 with

slightly (about 25 %) lower global production rate and will

be tested in a separate model study. The LP67 source is rep-

resented as a function of latitude and altitude (pressure) and

does not vary with season (see Fig. 1 of Koch et al., 1996).

About 2/3 of atmospheric 7Be is generated in the stratosphere

and 1/3 in the troposphere. The 7Be production rate corre-

lates inversely with solar activity. At higher solar activity,

cosmic rays are deflected away from the solar system and

the 7Be production rate is thus lower.

2.4 Constraint on stratospheric contribution to 7Be at

the surface

Cross-tropopause transport is important for simulating 7Be

in the troposphere. A useful constraint on the stratospheric

contribution to tropospheric 7Be is DH85’s analysis of the

observed 7Be / 90Sr ratio in the stratosphere and 90Sr con-

centrations at the surface. The presence of fissiogenic 90Sr in

the troposphere is due entirely to downward transport from

the stratosphere, except for a few weeks right after a nuclear

detonation. Both 7Be and 90Sr are associated with submicron

particles; their fates during transport from the stratosphere

are expected to be similar (no differential removal is ex-

pected). The stratospheric 7Be component in surface air can

therefore be determined as the product of the stratospheric
7Be / 90Sr ratio and the surface 90Sr concentration (DH85).

By this procedure, DH85 showed that annually 23–27 % (or

about 25 % on average) of the 7Be in surface air at northern

mid-latitudes is of stratospheric origin. To use this constraint,

we diagnose stratospheric contribution to 7Be concentrations

in the troposphere by transporting separately in the model the
7Be produced in the stratosphere, as we previously applied

in GEOS-Chem with GEOS1-DAS meteorological data (Liu

et al., 2001). Since wet deposition removes both the strato-

spheric and tropospheric components of 7Be at the same rate

within each model gridbox, the diagnosed stratospheric frac-

tion of 7Be concentrations in the troposphere does not signif-

icantly depend on the rate of wet removal.

In the stratosphere, the production of 7Be (source) is bal-

anced by radioactive decay and net STE fluxes of 7Be into

the troposphere (sinks), i.e.,

source (7Be)= decay (7Be)+STE (7Be). (1)

Since the timescale for downward transport from the strato-

sphere to troposphere (∼ 1–2 years) is much longer than that

for radioactive decay (half-life 53.3 days), the radioactive de-

cay term is much larger than the STE flux term. Nevertheless,

the STE term would become more important for a model at-

mosphere where STE is too fast. For the simulation of tropo-

spheric (not stratospheric) 7Be, the stratospheric influx to the

troposphere may be adjusted by artificially scaling down (in

the case of excessive STE) or up (in the case of too slow STE)

the stratospheric 7Be source. The extent to which 7Be cross-

tropopause transport is excessive or too slow in the model

can be indicated by a scaling factor A, which is defined as

the ratio of model to observed STE fluxes of 7Be. We derive

the scaling factor A as follows.

According to the DH85 constraint, we have for the obser-

vations

[
7Be]T ,G/[

7Be]S,G = (1− 0.25)/0.25= 3, (2)

where the left-hand side denotes the ratio of the tropospheric

([7Be]T ,G) to stratospheric ([7Be]S,G) component of annual

mean 7Be concentrations in ground air at NH mid-latitudes.

On the other hand, we have for a global model

[
7Be]T ,G

′/[7Be]S,G
′
= (1−F)/F, (3)

where [7Be]T ,G
′ and [7Be]S,G

′ are the model tropospheric

and stratospheric components of annual mean 7Be concen-

trations in surface air at NH mid-latitudes, respectively, and

F is the corresponding fraction of surface air of stratospheric

origin in the model. If the model reasonably represents the

vertical transport and wet scavenging processes in the tropo-

sphere, we have

[
7Be]T ,G

′
= [

7Be]T ,G. (4)

Combining Eqs. (2)–(4), we obtain the scaling factor

A≈ [7Be]S,G
′/[7Be]S,G ≈ 3F/(1−F). (5)

We will discuss the sensitivity of F and A to the assump-

tions with respect to convective transport and scavenging

processes in Sect. 4. The validity of Eq. (5) will also be

evaluated with actual model calculations in that section. Un-

less otherwise specified, 7Be cross-tropopause fluxes in the

model calculations presented in this paper are not adjusted.

However, we will use the scaling factor A as one of the met-

rics for comparing the STE characteristics of different mete-

orological data sets.

2.5 7Be and ozone observational data

2.5.1 7 Be

We estimate an average solar year value simply by averag-

ing the long-term records of 7Be observations multiplied by

0.72 to correct to the 1958 solar maximum source (Koch et

al., 1996). The 7Be deposition flux observations are from

the compilation of Koch et al. (1996) and there are about

25 northern mid-latitude sites with available long-term 7Be

observations. The 7Be surface concentration observations are

from the data archive of the US Department of Energy (DOE)

Environmental Measurements Laboratory (EML, now part

of the Department of Homeland Security) Surface Air Sam-

pling Program (SASP) which began in the 1980s. We also
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use the long-term climatological data of 7Be concentrations

in the UT/LS constructed from ∼ 25 years of aircraft and

balloon observations. Between the late 1950s and the early

1980s, EML collected tropospheric and stratospheric aircraft

and balloon measurements of numerous radionuclides as part

of the DOE High Altitude Sampling Program (HASP). The

data were compiled into a database in 1997 by R. Leifer and

N. Chan of EML (Leifer and Chan, 1997), called RAdioNu-

clide DAtaBase (RANDAB). The reader is referred to Con-

sidine et al. (2005) for a brief description of the RANDAB

database. This database is available at the Oak Ridge Na-

tional laboratory’s Carbon Dioxide Information Analysis

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

2.5.2 Ozone

We use tropospheric ozone column (TOC) determined with

the tropospheric ozone residual method by subtracting mea-

surements of MLS stratospheric column ozone (SCO) from

OMI total column ozone (Ziemke et al., 2006; http://

acdb-ext.gsfc.nasa.gov/Data_services/cloud_slice) or using

the TOMS and Solar Backscatter Ultraviolet (SBUV) com-

bination (Fishman et al., 2003; http://science.larc.nasa.gov/

TOR). The OMI/MLS TOCs are from October 2004 to

July 2008, and the TOMS/SBUV TOCs are from 1979 to

2005. We use climatological monthly average ozone pro-

files from 23 ozonesonde stations as constructed by Consi-

dine et al. (2008), based on Logan (1999) and Thompson et

al. (2003). The ozonesonde data record is from 1985–2000

for extratropical stations, and from all available data prior to

2005 for tropical stations. The number of sondes at each sta-

tion is adequate for defining monthly means used to evaluate

the accuracy of the model results (Considine et al., 2008).

Surface ozone data are taken from Logan (1999).

3 Model evaluation with UT/LS and surface 7Be data

In this section, we present model results of 7Be simulations

driven by four meteorological archives and evaluate them

against long-term measurements at the surface and in the

UT/LS. Figure 3 shows the annual zonal mean concentra-

tions (in units of millibequerel per standard cubic meter or

mBq SCM−1) of 7Be in the four radionuclide simulations us-

ing GMI CTM. All four simulations overall show a similar

pattern of tropospheric distribution. The highest concentra-

tions are seen in the dry subsiding subtropics. Lowest 7Be

concentrations in surface air are found in the Southern Hemi-

sphere mid-latitudes owing to scavenging by frequent large-

scale precipitation (Fig. 1). Low 7Be concentrations are also

associated with ITCZ, which is characterized by strong con-

vergence and convective precipitation. It appears, however,

that among all four simulations the GEOS1-STRAT simula-

tion gives the highest concentrations in the subtropics and

the GISS simulation shows the highest concentrations in the
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Figure 3. Annual zonal mean mixing ratios (mBq SCM−1) of 7Be

as a function of latitude and pressure (altitude), as simulated by the

standard GMI CTM. The white lines indicate the annual average

thermal tropopause height.

high latitudes. This is partly attributed to the differences in

the latitudinal distribution of total precipitations in these me-

teorological archives (Fig. 1).

Figure 4 compares four 7Be simulations in the upper tro-

posphere and/or lower stratosphere (UT/LS) with climato-

logical distributions constructed from the 7Be data contained

in the RANDAB database, following Considine et al. (2005)

who previously made a similar comparison for 210Pb. Model

output are sampled at the months, longitudes, latitudes, and

altitudes of the 7Be observations. Figure 4a compares the

meridional distribution of 7Be measurements made in the

12–16 km altitude range with the four GMI simulations. Fig-

ure 4b shows the same comparison, but for the 16–20 km al-

titude range. The 12–16 km (about 200–100 hPa) range lies

within the upper troposphere in the tropics and the lower

stratosphere at mid to high latitudes. The 16–20 km (about

100–50 hPa) range lies within the stratosphere at all latitudes.

At 12–16 km (Fig. 4a), the observations indicate com-

paratively low tropical upper tropospheric values of

∼ 35 mBq SCM−1, with increasing trends toward high lati-

tudes. The distribution is nearly symmetric about the equa-

tor, with more observations available in NH high latitudes.

This latitudinal distribution of 7Be concentrations reflects a

larger production of 7Be in the lower stratosphere at high

latitudes and precipitation scavenging associated with deep

convection in the tropics. All four simulations capture the

observations at 12–16 km reasonably well. The differences

between the four simulated 7Be concentrations are compara-

ble or smaller than the error limits.
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Figure 4. Observed and simulated latitudinal distributions of 7Be

in the (a) 12–16 km and (b) 16–20 km regions. Observed data from

the EML RANDAB database are averaged into 10◦ bins, following

Considine et al. (2005). Error bars represent ±2 times the standard

error of the averages. Model results are sampled at observation lo-

cations on a monthly basis. Also shown as dashed lines are model

zonal mean 7Be concentrations to show the global representative-

ness of the averages constructed from sampling the simulations at

the observation locations.

At 16–20 km (Fig. 4b), the observations show a tropi-

cal minimum of ∼ 150 mBq SCM−1, with increasing con-

centrations toward high latitudes in both hemispheres. In

the tropics and the SH, the four 7Be simulations indicate

small differences. In the NH, the four 7Be simulations re-

veal large differences and bracket the observations. In par-

ticular, the GMI/GEOS1-STRAT simulation gives the low-

est 7Be concentrations among the four simulations and is

lower than the observations. This appears to be due to ex-

cessive cross-tropopause transport in GEOS1-STRAT, as fur-

ther discussed below. On the other hand, as we will also

discuss later, the fvGCM and GEOS4-DAS meteorological

fields have reasonable cross-tropopause transport. In the lat-

ter case, stratospheric 7Be concentrations are primarily deter-

mined by a balance between production and radioactive de-

cay in the stratosphere. Therefore the slightly overestimated
7Be at 16–20 km suggests a slightly overestimated global

production rate of 7Be in the LP67 source. The Usoskin and

Kovaltsov (2008) source, which is about 25 % lower than the

LP67 source, would probably yield better agreements with

the 7Be observations in the lower stratosphere.

Figure 5a compares the simulated and observed annual av-

erage concentrations of 7Be near the surface as a function of

latitude. Observed data are from the EML SASP database

and are averaged into 10◦ latitude bins. Observations from

sites with elevation higher than 500 m are not included be-

cause of uncertainties involved in sampling coarse-resolution

models at high elevation sites. Model results are sampled at

observation locations on a monthly basis. Figure 5b shows

the annual zonal mean surface 7Be concentrations in the

model to indicate the global representativeness of the aver-

ages over the sampling sites. The observations indicate con-

centration maxima in the subtropics associated with subsi-

dence and minima in the tropics. The tropical minimum re-

flects rapid scavenging within the ITCZ. Low 7Be concentra-

tions are also observed at mid-latitudes due to efficient scav-

enging in the mid-latitude storm tracks. Latitudinal trends

(i.e., minima and maxima) of 7Be concentrations are well

simulated with all meteorological fields except GISS II′. The

GMI/GISS simulation shows too high 7Be concentrations at

high latitudes; this is because of the well-known excessive

cross-tropopause transport at high latitudes in the GISS II′

meteorological fields (e.g., Koch and Rind, 1998; McLinden

et al., 2000; Shindell et al., 2003). The overall positive biases

in all simulations are partly due to our correction of the long-

term records of 7Be observations (by a factor of 0.72) to the

1958 solar maximum source (Sect. 2.5). We find that without

this correction, the biases would be significantly reduced.

Figure 5c compares the model-simulated annual mean to-

tal deposition fluxes of 7Be at 25 northern mid-latitude sites

from which long-term records of observations are available.

The 7Be deposition flux observations are from the com-

pilation of Koch et al. (1996), previously used in Liu et

al. (2001). The data from individual sites are averaged over

4◦ latitude bins. The model is sampled at observation lo-

cations. Figure 5d shows the annual zonal mean total de-

position fluxes of 7Be in the model to indicate the global

representativeness of the sites. The observations show a

maximum (∼ 2100 Bq m−2 yr−1) in the subtropics (∼ 30◦ N)

and the fluxes fall off with increasing latitude. The four
7Be simulations show large discrepancies especially in the

subtropics (∼ 30◦ N). Overall, the GMI/fvGCM simulation

agrees better with the magnitude of the observed fluxes while

the GMI/GEOS4 simulation yields better latitudinal trends.

GMI/GEOS4 simulates best the observations at the latitudes

of 45–60◦ N, but overestimates the observations by∼ 50 % at

20–40◦ N. The GMI/GISS simulation overestimates the ob-

servations at higher latitudes (45–60◦ N) by a factor of ∼ 2.

The GMI/GEOS1-STRAT simulation overestimates the ob-

served 7Be deposition fluxes at subtropical latitudes by up to

a factor of 2.5 (30◦ N). As with the above model-observation

comparison of surface 7Be concentrations, the overall posi-

tive biases in model total deposition fluxes would be lower

without the correction of 7Be observations (by a factor of
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Figure 5. (a) Observed and simulated latitudinal distributions of
7Be concentrations (mBq SCM−1) near the surface. 7Be cross-

tropopause fluxes were not adjusted for the GMI/GEOS1-STRAT

and GMI/GISS simulations (see Sect. 3). Observed data from the

EML Surface Air Sampling Program (SASP) database are averaged

into 10◦ bins. Those sites with elevation higher than 500 m are not

included. Error bars represent ±2 times the standard error of the

averages. Model results are sampled at observation locations and

month. (b) GMI simulated annual zonal mean concentrations of 7Be

(mBq SCM−1) near the surface. (c) Observed (black) and GMI sim-

ulated (color) annual mean total deposition fluxes (Bq m−2 yr−1) of
7Be (at 25 sites) as a function of latitude. The data from individual

sites are averaged over 4◦ latitude bins. The model is sampled at

observation locations. (d) GMI simulated annual zonal mean total

deposition fluxes (Bq m−2 yr−1) of 7Be.

0.72) to the 1958 solar maximum source (Sect. 2.5). How-

ever, we will show in the next section that these overesti-

mated 7Be deposition fluxes are largely due to model exces-

sive cross-tropopause transport, especially with the GEOS1-

STRAT and GISS II′ meteorological fields.

4 Assessment of cross-tropopause transport of 7Be in

different meteorological archives

The above results indicate different levels of success with

four meteorological fields in reproducing long-term records

of surface and UT/LS 7Be concentrations as well as total de-

position fluxes. In this section, we quantify the contribution

of 7Be produced in the stratosphere to tropospheric 7Be con-

centrations and deposition fluxes, followed by an assessment

of cross-tropopause transport of 7Be in the meteorological

fields used.

Figure 6a shows the stratospheric fraction (%) of annual

zonal mean atmospheric 7Be concentrations (i.e., fraction of

atmospheric 7Be produced in the stratosphere) in the model

simulations as a function of latitude and pressure. The frac-
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Figure 6. (a) Stratospheric fraction (%) of annual zonal mean atmo-

spheric 7Be concentrations in the model simulations as a function of

latitude and pressure. The white lines indicate thermal tropopause

height. (b) Stratospheric fraction of annual zonal mean surface 7Be

concentrations (solid lines) and that of annual zonal mean 7Be to-

tal deposition fluxes (dashed lines) in the model simulations as a

function of latitude.

tions of significantly less than 100 % in the lower strato-

sphere in all four simulations reflect mainly the seasonal

movement of the tropopause. With GEOS1-STRAT, strato-

spheric contribution to lower-tropospheric 7Be concentra-

tions maximizes at 25–50◦ N (35–45 %) and 25–40◦ S (30–

35 %). The tropical middle and upper troposphere show the

minimum in stratospheric impact (< 30 %). With GISS II′,

the stratospheric contribution to lower-tropospheric 7Be con-

centrations peaks (30–40 %) at southern high latitudes and

remains nearly constant (30–35 %) north of 30◦ N while it is

quite small (<∼ 10–20 %) in the tropical middle and upper

troposphere. The strong gradients in the subtropics suggest

that the tropics are strongly isolated from the mid-latitudes in

the GISS II′ meteorological field. fvGCM and GEOS4-DAS

show a similar pattern of stratospheric influence on the tro-

posphere; both indicate maximum contribution from strato-

sphere near 30–35◦ N (∼ 25 %) and 25–30◦ S (∼ 20–25 %) in

the lower troposphere. However, GEOS4-DAS shows larger
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contributions from the stratosphere to the troposphere (es-

pecially the free troposphere) than fvGCM does by a few

percent, consistent with the overestimated deposition fluxes

at 20–40◦ N by GEOS4-DAS (Fig. 5c). The area of mini-

mal stratospheric influence in the tropics is also narrower in

GEOS4-DAS.

Figure 6b shows the stratospheric fraction (%) of annual

zonal mean surface 7Be concentrations and that of annual

zonal mean 7Be total deposition fluxes (Bq m−2 yr−1) in the

model simulations as a function of latitude. With all meteo-

rological fields except GISS II′, maximum stratospheric con-

tribution to total deposition fluxes (vs. surface 7Be concen-

trations) is shifted toward higher latitudes, reflecting scav-

enging by frequent mid-latitude precipitation and the dry

subsidence in the subtropics. Stratospheric fractions of sur-

face 7Be concentrations at NH mid-latitude are about 38 %

(GEOS1-STRAT), 33 % (GISS II′), and 23-24 % (fvGCM

and GEOS4-DAS). As discussed in Sect. 2.4, the observed
7Be / 90Sr ratio suggests that 23–27 % of the 7Be in sur-

face air at northern mid-latitudes is of stratospheric ori-

gin (DH85). According to this constraint, cross-tropopause

transport of 7Be and subsequent transport to the surface

in the GEOS1-STRAT and GISS II′ meteorological fields

is excessive. On the other hand, it should be noted that

the fvGCM and GEOS4-DAS simulations show results re-

markably consistent with the DH85 constraint, suggesting

that stratospheric influences on surface 7Be concentrations

in these two meteorological fields are reasonable. However,

DH85 did not provide constraints on latitudinal variation of

stratospheric influence on surface 7Be. Of the four meteo-

rological fields, GEOS1-STRAT, fvGCM and GEOS4-DAS

show very similar latitudinal distribution of stratospheric in-

fluence at the surface (i.e., peak in the subtropics and valley

in the tropics or polar regions). By contrast, GISS II′ shows

the largest impact of the stratosphere at high latitudes.

Similarly, as shown above, the model overestimates the

long-term records of 7Be deposition flux observations at mid-

latitudes (and subtropics) with GEOS1-STRAT and at high

latitudes with GISS II′ (Fig. 5c). Interestingly, the fvGCM

(and to a lesser extent GEOS4-DAS) simulation yields 7Be

deposition fluxes close to the observations. This suggests that

the DH85 constraint and observed 7Be deposition fluxes are

two complementary constraints on cross-tropopause trans-

port of 7Be. We therefore use the DH85 constraint to assess

the cross-tropopause transport of 7Be in the meteorological

fields.

Using the approach described in Sect. 2.4 (i.e., reduced

cross-tropopause transport flux by artificially scaling down

the stratospheric 7Be source in the simulation of tropospheric
7Be), we determine the scaling factors for GEOS1-STRAT

and GISS to be 1.92 and 1.35, respectively. With the ad-

justment of 7Be cross-tropopause fluxes for GEOS1-STRAT

and GISS, the model calculated stratospheric fraction of 7Be

concentrations in surface air at NH mid-latitudes is indeed

close to 25 % (i.e., agree with the DH85 constraint) (Fig. 7),
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Figure 7. Same as Fig. 6, except that 7Be cross-tropopause fluxes

have been adjusted for GMI/GEOS1-STRAT and GMI/GISS.

thus supporting the validity of Eq. (5). With the adjustment,

some simulations also simulate better surface 7Be concentra-

tions and total deposition fluxes at the subtropics (GEOS1-

STRAT) and at high latitudes (GISS II′) (Fig. 8 vs. Fig. 5).

The improvement is clearer for total deposition fluxes than

for surface concentrations. As discussed below, on a global

scale total deposition fluxes are sensitive to STE fluxes of
7Be into the troposphere, while surface concentrations are

principally dependent on the overall wet removal rate.

Table 3 shows the annual average global budgets of tro-

pospheric 7Be in the four GMI simulations. With an adjust-

ment of 7Be cross-tropopause fluxes, the global burdens and

residence times of tropospheric 7Be in GMI/GEOS1-STRAT

and GMI/GISS are reduced. In GMI/GEOS1-STRAT the

source and sink terms become much closer to that in fvGCM

and GEOS4-DAS. A reduction of global 7Be STE fluxes of

0.04 g day−1 results in a decrease of total deposition fluxes

of 0.03 g day−1 and radioactive decay of 0.01 g day−1. In

GMI/GISS the changes in the budget terms are relatively

small due to the smaller adjustment of 7Be cross-tropopause

fluxes. Nevertheless, a reduction of global 7Be STE fluxes of

0.01 g day−1 results in a decrease of total deposition fluxes
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Table 3. Annual average global budget of 7Be in the model troposphere. The GMI model was driven by the GEOS1-STRAT, GISS II′,

fvGCM, and GEOS4-DAS meteorological data sets, respectively.

GEOS1-STRAT GISS fvGCM GEOS4-DAS

Burden, g 4.95 (3.86)b 4.00 (3.64)b 4.31 4.05

Residence time, daysa 31 (29) 31 (30) 35 31

Sources, g day−1 0.22 (0.18) 0.18 (0.17) 0.18 0.19

STE 0.08 (0.04) 0.05 (0.04) 0.04 0.05

troposphere 0.14 (0.14) 0.13 (0.13) 0.14 0.14

Sinks, g day−1 0.22 (0.18) 0.18 (0.17) 0.18 0.19

dry deposition 0.01 (0.01) 0.01 (0.01) 0.01 0.02

wet deposition 0.15 (0.12) 0.12 (0.11) 0.11 0.12

radioactive decay 0.06 (0.05) 0.05 (0.05) 0.06 0.05

a Against deposition only. The tropopause was determined in the model using a criterion of 2 ◦C km−1 lapse rate

as defined by World Meteorological Organization. The diagnosed tropopause model layer was included as part of

the troposphere.
b The numbers in the brackets indicate the values when 7Be cross-tropopause fluxes were adjusted for

GMI/GEOS1-STRAT and GMI/GISS. See text for details.
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Figure 8. Same as Fig. 5, except that 7Be cross-tropopause fluxes

have been adjusted for GMI/GEOS1-STRAT and GMI/GISS.

of 0.01 g day−1. These calculations indicate that globally the
7Be total deposition fluxes are sensitive to STE fluxes of 7Be

into the troposphere.

The model calculated stratospheric fraction of 7Be in the

troposphere may be sensitive to the model diagnosed loca-

tion of the tropopause, for which there is some uncertainty.

For instance, Stajner et al. (2008) used four different defini-

tions of the tropopause on the basis of temperature lapse rate

(World Meteorological Organization or WMO definition),

potential vorticity (PV), and isentropic surfaces or ozone

surfaces. They found that the WMO tropopause was about

0.7–1 km (in the northern mid-latitude) or 0.5–1 km (in the

tropics) higher than the ozone or PV determined tropopause.

We examine the sensitivity of model diagnosed stratospheric

fraction of tropospheric 7Be concentrations to the location

of tropopause (not shown) by lowering tropopause height

by one model level (approximately 1.2, 1.7, 1.1, and 1.1 km

for GEOS1-STRAT, GISS II′, fvGCM and GEOS4-DAS, re-

spectively). Results indicate that stratospheric fractions of

surface 7Be concentrations increase by 5–10 %, thus requir-

ing larger adjustments of cross-tropopause transport of 7Be

in the meteorological fields in order to meet the DH85 con-

straint. This also suggests that using the DH85 constraint re-

quires relatively high vertical resolution near tropopause in

the model.

While the model diagnosed stratospheric fraction of tropo-

spheric 7Be concentrations is mainly determined by the STE

processes in the UT/LS, it may also be sensitive to precipita-

tion scavenging and convective transport in the troposphere.

Figure 9 shows the latitude-pressure cross sections of the

differences in the stratospheric fraction (%) of annual zonal

mean tropospheric 7Be concentrations between the standard

simulation and a simulation where precipitation scavenging

is turned off. Also shown are the corresponding differences

near the surface. The stratospheric fraction of tropospheric
7Be is found to be only weakly dependent on precipitation

scavenging, with < 5 % change in most of the troposphere

and < 2.5 % change near the mid-latitude surface. Figure 10

shows a similar plot, except that convective transport and

scavenging are turned off in the sensitivity simulation. Sim-

ilarly, the stratospheric fraction of tropospheric 7Be is not

sensitive to convective transport and scavenging processes,

with < 1 % changes near the mid-latitude surface.

5 Comparison with previous modeling studies

In this section we compare the GMI CTM results for cross-

tropopause transport of 7Be with previous modeling studies

based on the same or similar meteorological fields.
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Figure 9. Same as Fig. 6a, b, except for the differences in the strato-

spheric fraction (%) of zonal mean atmospheric 7Be concentrations

between the standard simulation and a simulation where wet scav-

enging is turned off.

Liu et al. (2001) found that STE flux of 7Be was overesti-

mated with the GEOS1-STRAT fields in the GEOS-Chem

model, consistent with this study using GMI CTM. How-

ever, Liu et al. (2001) found that the reduction required to

match the DH85 constraint is a factor of 3.5 for the GEOS1-

STRAT archive with 4◦× 5◦ resolution, compared to a factor

of 1.92 in the present study. The larger reduction in the for-

mer reflects the inclusion of ice particle gravitational settling

effect, which results in increased transport from the upper

to lower troposphere, as well as the inclusion of the diag-

nosed tropopause model layer as part of the stratosphere (vs.

the troposphere). Interestingly, when specifying ozone con-

centrations in the lower stratosphere (70 hPa) and letting the

model (GEOS-Chem) transport this ozone as an inert tracer

into the troposphere, Bey et al. (2001) found a similar overes-

timate in an ozone simulation with the GEOS-1 data, as diag-

nosed by the simulation of tropospheric ozone concentrations

at high latitudes in winter where transport from the strato-

sphere is a major source. This indicates that the simulation’s

deficiency in cross-tropopause transport as diagnosed using
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Figure 10. Same as Fig. 6a, b, except for the differences in the

stratospheric fraction (%) of zonal mean atmospheric 7Be concen-

trations between the standard simulation and a simulation where

convective transport and scavenging are turned off.

7Be tracers has similar consequences for cross-tropopause

transport of ozone.

Koch and Rind (1998) used a 31-layer version of the

GISS GCM to simulate 7Be and 10Be and used tropospheric
10Be / 7Be as indicator of STE. Based on limited observa-

tions, they suggested that leakage into the troposphere is

somewhat excessive in the model, particularly at high lat-

itudes. Using the GISS II′ GCM, McLinden et al. (2000)

found that a large fraction of the cross-tropopause transport

of ozone occurs at the poles which is inconsistent with the

current understanding of stratosphere–troposphere exchange,

despite the fact that the global stratosphere–troposphere ex-

change fluxes of ozone compare well with their best esti-

mate of 475± 120 Tg year−1 based on measurements and

tracer-tracer correlation. Shindell et al. (2003) presented an

updated version of the GISS II′ climate model which still

overestimates ozone in the middle troposphere at high lati-

tudes, likely reflecting deficiencies in the model’s downward

transport of stratospheric air. Our conclusions about cross-

tropopause transport of 7Be in GISS II′ in this work are con-
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sistent with these previous studies. Overestimated STE fluxes

of 7Be as diagnosed in GMI/GISS based on the DH85 con-

straint simply reflect the incorrect latitudinal distribution of

cross-tropopause transport, that is, too fast STE at higher lat-

itudes and too slow STE at lower latitudes. The DH85 con-

straint was only applicable and applied for NH mid-latitude

surface and thus does not provide constraint on the model

global STE flux of 7Be if the latitudinal distribution of STE

is incorrect.

The large-scale stratospheric transport (Brewer–Dobson

circulation) in fvGCM has been shown to be realistic (Dou-

glass et al., 2003) and mean age of stratospheric air is simi-

lar to observations (Strahan and Douglass, 2004; Douglass

et al., 2008; Strahan et al., 2009). This suggests credible

cross-tropopause transport of mass and ozone in fvGCM

because the large-scale exchange between the stratosphere

and troposphere is largely tied to the Brewer–Dobson cir-

culation through the overworld wave driving (Holton et al.,

1995; Olsen et al., 2004). Based on this finding, the meteo-

rological data from fvGCM were used to drive GMI CTM

by several authors to study tropospheric ozone. Considine

et al. (2008) evaluated near-tropopause ozone distributions

with ozonesonde data. Terao et al. (2008) examined the role

of variability in the input of stratospheric ozone on the in-

terannual variability of tropospheric ozone in the northern

extratropics. Liang et al. (2009) investigated the impact of

stratosphere-to-troposphere transport on tropospheric ozone

and NOx chemistry over the Arctic. By contrast, GEOS4-

DAS tends to have too strong a residual circulation, and the

age of air is too young compared to observations (Schoe-

berl et al., 2003; Schoeberl, 2004; Douglass et al., 2008).

A GMI CTM simulation driven with the GEOS4-DAS me-

teorological fields showed the model’s inadequacy in simu-

lating upper-tropospheric ozone (Liang et al., 2009). These

findings are consistent with what we illustrated in this study

from a perspective of 7Be tracers. That is, GEOS4-DAS fea-

tures a larger impact of STE on the troposphere (especially

UT) than fvGCM does, while the latter has more credible

cross-tropopause transport as constrained by observed 7Be

deposition fluxes (Fig. 5c) and the DH85 criterion (Fig. 6).

6 Implications for cross-tropopause transport of ozone

In this section we discuss the implications of different char-

acteristics of cross-tropopause transport of 7Be for strato-

spheric influence on tropospheric ozone in different me-

teorological fields. At the time of this study, the GMI

full-chemistry model can be driven with GEOS1-STRAT,

fvGCM and GEOS4-DAS, but not GISS II′ meteorological

fields. This allows us to examine any potential relationship

between the cross-tropopause transport of 7Be and ozone

when these fields are used to drive the model.
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Figure 11. Comparisons of GMI simulated tropospheric ozone pro-

files (color lines) with ozonesonde observations (black line) for a

range of latitudes. Values are annual averages. Solid color lines in-

dicate the GMI simulations. Also shown as dotted lines are tropo-

spheric ozone profiles as simulated by the GMI tropospheric model

driven by the GEOS1-STRAT meteorological field. The horizontal

gray line indicates the approximate location of tropopause (i.e., the

pressure level corresponding to 100 ppbv ozone concentrations in

the ozonesonde observations).

Ozonesonde, surface and satellite observations provide

useful constraints on the stratospheric contribution to tropo-

spheric ozone (e.g., Rind et al., 2007; Lin et al., 2012). Fig-

ure 11 shows comparisons of model tropospheric ozone pro-

files with annual mean ozonesonde observations for a range

of latitudes (Considine et al., 2008). These results are typi-

cal of other stations at similar latitudes. The GMI/GEOS1-

STRAT simulation produces excessive ozone throughout the

troposphere at all latitudes except in the tropics while the

GMI/fvGCM and GMI/GEOS4-DAS simulations are gen-

erally in agreement with the observations (with slightly

overpredicted ozone in the mid-latitude upper troposphere).

The GEOS1-STRAT simulation has the largest overestimate

of O3 in spring. We also compared model surface ozone

concentrations with the Logan (1999) surface ozone data

set (not shown). Among the three GMI simulations, the

GMI/GEOS1-STRAT simulation shows the largest errors in

surface ozone concentrations during winter and spring when

stratospheric contribution is at its peak. These are in line with

the relative magnitudes of cross-tropopause transport effi-

ciencies of 7Be in the three meteorological fields (i.e., too

fast STE in GEOS1-STRAT), discussed in previous sections.

Indeed, the tropospheric version of the GMI/GEOS1-STRAT

model with constrained STE flux of ozone using the Synoz

approach (about 579 Tg year−1) simulates ozonesonde obser-

vations of tropospheric ozone reasonably well (dotted line,

Fig. 11).

Figure 12 shows GMI simulated annual zonal mean tropo-

spheric ozone column (TOC), in Dobson Units, compared

www.atmos-chem-phys.net/16/4641/2016/ Atmos. Chem. Phys., 16, 4641–4659, 2016
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Figure 12. GMI simulated annual zonal mean tropospheric ozone

column (TOC in Dobson Units) compared with observed tropo-

spheric ozone residuals from TOMS/SBUV (1979–2005 average)

and OMI/MLS (October 2004–July 2008 average). Also shown is

the annual zonal mean TOC simulated by the tropospheric version

of the GMI model.

with observed climatologies from TOMS/SBUV (1979–

2005; Fishman et al., 2003) and OMI/MLS (October 2004–

July 2008; Ziemke et al., 2006). The WMO definition of

thermal tropopause is used to calculate the model TOC.

While the GMI/fvGCM and GMI/GEOS4-DAS simulations

are similar and overestimate TOC by up to ∼ 20 DU, the

GMI/GEOS1-STRAT simulation overestimates TOC by as

much as ∼ 40 DU. The excessive O3 in the GMI/GEOS1-

STRAT simulation with maxima at 30◦ N and 30◦ S suggests

downward transport of ozone from the stratosphere is too

fast. The tropospheric version of the GMI/GEOS1-STRAT

model with constrained STE flux of ozone provides a much

better simulation of global TOCs (red dashed line, Fig. 12),

which are comparable to those from GMI/fvGCM and

GMI/GEOS4-DAS simulations. However, model TOCs are

still∼ 10–14 DU larger than satellite observations in the sub-

tropics and mid-latitudes. Previously, Ziemke et al. (2006)

considered uncertainties in both model and observations and

subjectively interpreted model-OMI/MLS TOC differences

of 10 DU and higher as being significant. As Stajner et

al. (2008) noted, a low extratropical tropopause used by

Ziemke et al. (2006) may have played an important role in the

underestimation of OMI/MLS TOC. Yang et al. (2010) also

found that their OMI/MLS potential vorticity mapped TOCs

are smaller than ozonesonde TOCs by 5.9 DU with a standard

deviation of the differences of 8.4 DU. On the other hand, the

GMI/fvGCM simulation tends to overestimate ozone just be-

low the tropopause at mid-latitudes (Fig. 11); these biases

do not appear to be due to excessive stratospheric influence

(Considine et al., 2008). Current global models also tend to

overpredict surface ozone during summer and early fall over

the eastern US and Japan (Fiore et al., 2009). Therefore the

simulated TOCs are very likely biased high.
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Figure 13. (a) Latitudinal variations of annual zonal mean 7Be

overestimate (17Be) and tropospheric ozone column overestimate

(1TOC) as simulated by GMI/GEOS1-STRAT. Error bars represent

±2 times the standard error of the averages. (b) The correlation be-

tween the global distributions of 17Be and 1TOC. The lines of

best fit are calculated using the reduced-major-axis (RMA) method

(Hirsch and Gilroy, 1984). See text for details.

We further examine the relationship between the cross-

tropopause transport of 7Be and ozone with the GEOS1-

STRAT meteorological fields, in which case STE is known

to be too fast. Figure 13a shows the latitudinal variations

of annual zonal mean tropospheric 7Be column overestimate

(17Be) and TOC overestimate (1TOC) in the GMI/GEOS1-

STRAT simulation. 17Be is obtained by subtraction of the

STE-flux-adjusted simulation (Sect. 2.4) from the standard

simulation. 1TOC is obtained by subtracting the GMI tro-

pospheric model simulation (with STE flux of ozone about

579 Tg year−1) from the GMI full-chemistry model simula-

tion. Figure 13b shows the correlation between the global

distributions of17Be and1TOC. The lines of best fit are cal-

culated using the reduced-major-axis (RMA) method (Hirsch

and Gilroy, 1984). Standard errors for the intercept and the

slope are computed as described by Miller and Kahn (1962).

Overall, the location of overestimated ozone follows that of

overestimated 7Be, with both maxima near 30◦ N and 30◦ S.

The strong correlation between 17Be and 1TOC implies

that 7Be is a good indicator of cross-tropopause transport

of ozone. These support our conclusion that 7Be is a use-

ful utility for assessing cross-tropopause transport of ozone

in global models.
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7 Summary and conclusions

We have assessed the ability of the Global Modeling Initia-

tive (GMI) chemical transport model (CTM) using different

meteorological data sets to simulate the atmospheric distribu-

tions of 7Be, a natural aerosol tracer originating from the up-

per troposphere and/or lower stratosphere and removed from

the troposphere primarily by wet deposition. The model was

driven by four meteorological data sets (GEOS1-STRAT,

GISS II′, fvGCM, GEOS4-DAS) which feature significantly

different cross-tropopause transport characteristics. The GMI

modeling framework was configured such that the variabil-

ity between the simulations mainly reflects the use of differ-

ent meteorological data. Our goal was to assess the utility of
7Be as a tracer of cross-tropopause transport in global models

and develop a methodology to exploit such a utility. We have

also discussed the implications of excessive cross-tropopause

transport as revealed by 7Be simulations for the modeling of

tropospheric ozone.

We evaluated the four simulations of 7Be with RANDAB,

a unique database of upper atmosphere radionuclide clima-

tological observations compiled by the DOE (now DHS)

Environmental Measurement Laboratory, as well as long-

term measurements at the surface. Model simulations cap-

ture the UT/LS observations with respect to latitudes. The

GMI/GEOS1-STRAT simulation shows the lowest 7Be con-

centrations among the four simulations in the lower strato-

sphere, and underestimates the observations. This reflects the

well-known highly overestimated cross-tropopause transport

in GEOS1-STRAT DAS. At the surface, GMI/GISS II′ re-

produces the observed latitudinal trends of 7Be concentra-

tions, but shows too high concentrations at high latitudes.

The GMI/fvGCM simulated 7Be deposition fluxes are the

closest to the observations, while the GMI/GEOS1-STRAT

overestimates the observed 7Be deposition fluxes at sub-

tropical latitudes by up to a factor of 2.5 (30◦ N) and the

GMI/GISS simulations at high latitudes (45–60◦ N) are a fac-

tor of 2 too high. We were able to show that the observed 7Be

deposition fluxes offer a strong constraint on stratosphere-to-

troposphere transport in global models.

We examined the observational constraint from

Dutkiewicz and Husain (1985) (DH85) on the stratospheric

contribution to tropospheric 7Be using the GMI modeling

framework. DH85 analyzed the observed 7Be / 90Sr ratio,

which suggests that 23–27 % of the 7Be in surface air at

northern mid-latitudes is of stratospheric origin. This con-

straint offers a sensitive test of cross-tropopause transport in

global models. Comparison of the fraction of surface air of

stratospheric origin estimated from the 7Be simulations with

the DH85 constraint indicates excessive cross-tropopause

transport at mid-latitudes with the GEOS1-STRAT mete-

orological fields and at high latitudes with the GISS II′

fields. Interestingly, these simulations also overestimate

observed 7Be deposition fluxes at middle and high latitudes,

respectively. With a correction to cross-tropopause flux, the

model simulates better surface 7Be concentrations and total

deposition fluxes. By contrast, the fvGCM meteorological

data yield the most reasonable cross-tropopause transport

of 7Be according to the DH85 constraint, consistent with

the fact that the GMI/fvGCM simulated 7Be deposition

fluxes are closest to the observations. These results illustrate

that the GMI framework is very useful for characterizing

and helping to reduce uncertainties in the processes such

as cross-tropopause transport in the meteorological fields

that are used to drive chemical transport models. Note that

since wet deposition removes both the stratospheric and

tropospheric components of 7Be nondiscriminatively, the

model diagnosed fraction of 7Be of stratospheric origin does

not significantly depend on the rate of wet removal.

The model diagnosed stratospheric fraction of 7Be in sur-

face air is sensitive to the diagnosed location of tropopause,

in particular when the model vertical resolution is relatively

coarse (> 1–1.5 km) near the tropopause region. This sug-

gests that stratospheric fraction of 7Be is a more useful di-

agnostic when the model has sufficient vertical resolution

(< 1–1.5 km) so that the tropopause can be well defined. We

used the WMO definition of thermal tropopause and include

the diagnosed tropopause model layer as part of the tro-

posphere (vs. the stratosphere). As such our assessment of

cross-tropopause transport of 7Be in the four meteorological

data sets in the GMI CTM is consistent with previous model-

ing studies of stratospheric influence on tropospheric ozone.

Incorrect cross-tropopause transport of 7Be implies mis-

represented downward influx of stratospheric ozone to the

troposphere in a model. We demonstrated this by examin-

ing the relationship between the cross-tropopause transport

of 7Be and ozone as simulated by GMI CTM driven with

GEOS1-STRAT, fvGCM and GEOS4-DAS meteorological

fields. We found that excessive cross-tropopause transport of
7Be corresponds to overestimated stratospheric contribution

to tropospheric ozone, as constrained by ozonesonde, surface

and satellite observations.

In summary, the 7Be simulation, which is computation-

ally cheap and technically simple, in combination with the

DH85 7Be observational constraint and observed 7Be deposi-

tion fluxes may be used routinely to assess cross-tropopause

transport in global models. We recommend separate transport

of the 7Be produced in the stratosphere (7Be-strat) to evaluate

the ratio of 7Be-strat to total 7Be (i.e., beryllium-7 produced

in both the stratosphere and the troposphere) in surface air

against the DH85 constraint. This can serve as a first-order

assessment of cross-tropopause transport in the meteorolog-

ical fields. With improved estimates of 7Be production rates

as well as their year-to-year variations, model multi-year 7Be

simulations together with long-term observations would pro-

vide useful constraints on the interannual variability of STE.

While this study uses 7Be alone, future modeling work will

include using 10Be / 7Be, a more sensitive indicator of STE

(Rehfeld and Heimann, 1995; Koch and Rind, 1998; Jordan

et al., 2003).
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Data availability

A description of the data sets used in this paper and their

availability can be found in Sect. 2.5.
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