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Abstract. The distribution of 7Be during the TOPSE period was simulated using a global model
driven by data from the Goddard Earth Observing System Data Assimilation System (GEOS−3
DAS). Temporal changes in the stratospheric component of tropospheric air were analyzed
using model output and 7Be measurements. Comparison of model−calculated 7Be
concentrations in the lower and upper troposphere with measurements revealed that cross
tropopause exchange of 7Be was overestimated by only 10−25%. This bias is much less than
what was seen in calculations with a different vertical grid driven by earlier versions of the
GEOS DAS. The location and timing of fluctuations in 7Be concentrations were well captured
by the model even during constant altitude portions of TOPSE flights. The amplitudes of the
fluctuations were often underestimated. Within the TOPSE region (100°−60°W, 40°−80°N),
55−60% of 7Be in the model troposphere had a stratospheric source. No significant temporal
trend is evident in observed or model−calculated 7Be concentrations. Model−calculated mean
tropospheric 7Be concentrations increased by 2.9% per month in the southern portion of the
TOPSE region. The stratospheric component in this region increased by only 0.6% per month.
Analysis of the 7Be budget shows that seasonal increases in STE and scavenging contribute to
this increase. Tropospheric O3 increases resulting from this increase are likely to be less than 1%
per month. Model−calculated mean tropospheric 7Be concentrations increased by 1.6% per
month in the northern portion of the TOPSE region. Analysis of the 7Be budget showed that
seasonal increases in STE did not contribute to this increase.
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1. Introduction

Measurements of tropospheric ozone (O3) show springtime maxima in the troposphere at
remote locations of the northern midlatitudes [Oltmans, 1981; Logan, 1985]. Seasonal changes
in photochemistry [Penkett and Brice, 1986] and/or stratosphere−troposphere exchange (STE)
[Bazhanov and Rodhe, 1997] may contribute to these maxima. O3 concentrations in the lower
stratosphere typically exceed upper tropospheric concentrations by at least an order of
magnitude. O3 and potential vorticity are positively correlated in the middle and upper
troposphere during upper level baroclinic events [Danielson, 1968] indicating that the
stratosphere is a source for middle and upper tropospheric O3. It is unclear if this stratospheric
source increases with time during the spring. The frequency of tropopause folds does not appear
to peak in the northern hemisphere spring [Holton et al., 1995; Postel and Hitchman, 1999];
although, the cross tropopause mass flux associated with these folds is large during December−
June and peaks during late spring [Appenzeller et al., 1996]. Since the lifetime of O3 is about a
month in the troposphere, a peak in tropospheric O3 due to this increased flux is also likely
during this period [Logan, 1985]. Synoptic conditions following STE are conducive to large−
scale subsidence that transports this O3 from the upper to the lower troposphere [Moody et al.,
1996; Cooper et al., 1998].
An understanding of the processes contributing to these maxima is a major goal of the
Tropospheric Ozone Production about the Spring Equinox Experiment (TOPSE). In this study,
seasonal changes in the stratospheric component of tropospheric air are evaluated using
Beryllium−7 (7Be) data and model output. The focus of the study is the TOPSE region (defined
here to be 100°−60°W, 40°−80°N) and period (defined here to be February 1 − May 31, 2000).
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2. Motivation: Why simulate 7Be?

The radionucleide 7Be is a chemically non−reactive passive tracer generated when
neutrons created by collisions between primary cosmic rays and atoms collide with nitrogen and
oxygen atoms. Since cosmic rays follow the Earth’s magnetic field, 7Be production is largest at
high−latitudes. 7Be is often used as a tracer of stratospheric air [Husain et al., 1977] because its
production is largest in the stratosphere and its loss (radioactive decay with a half−life of 53
days and scavenging by precipitation) is largest in the troposphere. The combination of high
stratospheric production rates and rapid tropospheric removal results in stratospheric 7Be
concentrations exceeding tropospheric concentrations by about an order of magnitude [e.g.,
Dutkiewicz and Husain, 1985]. Consequently, 7Be is a sensitive indicator of STE. Considerable
STE occurs during tropopause folds. Viezee and Singh [1980] discovered that seasonal and
latitudinal variations in tropospheric 7Be concentrations and in the frequency of occurrence of
500−hPa low−pressure troughs are highly correlated over the continental United States. Dibb et
al. [1992] attributed a mid−tropospheric peak in 7Be concentrations in the Arctic to injection of
stratospheric air through tropopause folds. Seasonal changes in stratospheric influence in the
Arctic have also been studied using beryllium isotope ratios. Dibb et al. [1994] attributed spring
maxima in surface layer concentrations of 7Be and 10Be to seasonal changes in vertical mixing
within the troposphere rather than seasonal changes in STE.
Modeling studies have used 7Be as a tool to evaluate transport, especially stratospheric
input to the troposphere [Rehfeld and Heimann, 1995; Koch and Rind, 1998] and scavenging
parameterizations [Brost et al., 1991; Koch et al., 1996; Liu et al., 2001]

3. Description
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3.1. 7Be and O3 data

Dibb et al. [this issue] describe the procedure used to determine 7Be activities during the
TOPSE mission. Atmospheric aerosol samples were collected on filters during 12−24 minute
constant altitude sampling periods. The filters were shipped to a laboratory and analyzed for 7Be
activity using gamma spectroscopy. Activities were adjusted for loss by decay during the time
period between sampling and analysis. Beryllium−7 concentrations from 298 samples collected
during TOPSE flights 5−42 are used in this study. Beryllium−7 concentrations from 239 of
these samples exceeded the detection limit. Detection limits (0.8 to 4.5 mBq / SCM) varied with
sampling pressure and time. Concentrations less than the detection limit were set to the
detection limit. The maximum concentration was175 mBq / SCM while the mean and median
concentrations were 20.0 and 11.4 mBq / SCM, respectively. The standard deviation was 26.7
mBq / SCM.
Five−minute average O3 data are also used in this paper. These data are part of 300−
second TOPSE data merges available through the National Center for Atmospheric Research
Atmospheric Chemistry Division (NCAR ACD). The method used to collect the O3 data used in
the merges is described in Ridley et al. [this issue].

3.2. University of Maryland CTM

The distribution of 7Be was simulated using the University of Maryland chemistry and
transport model (UMD−CTM), a version of the Goddard CTM [Allen et al., 1996a,b] that
includes wet scavenging and dry deposition. The calculations were driven by data from version
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3 of The Goddard Earth Observing System Data Assimilation System (GEOS−3 DAS)
[Schubert et al., 1993; Bloom et al., 1996]. The mixing ratio change due to advection is
calculated using a multidimensional and semi−Lagrangian extension of the piecewise parabolic
method (PPM) [Lin and Rood, 1996]. Convective mixing in the UMD−CTM [Allen et al.,
1996b] is calculated using cumulus mass flux and detrainment output from the Relaxed
Arakawa−Schubert (RAS) algorithm [Moorthi and Suarez, 1992; Arakawa and Schubert, 1974]
that is used to parameterize convection in the GEOS GCM. Three−hour averaged planetary
boundary layer depths are available from the GEOS−3 DAS. Turbulent mixing within the
boundary layer is parameterized using a fractional mixing scheme [Allen et al, 1996a]. Dry
deposition is parameterized based on surface type [e.g., Brasseur et al., 1998] with deposition
velocities from Sander and Crutzen [1996]. Wet removal of soluble species is accomplished
through a wet scavenging algorithm described in Chin et al. [2000] using precipitation rates from
the GEOS−3 DAS. Scavenging by cirrus precipitation [Lawrence and Crutzen, 1998; Liu et al.,
2001] is not included.
Data from the GEOS−3 DAS are archived on a 48−sigma layer 1° in latitude by 1° in
longitude (1° x 1°) grid. The UMD−CTM was run at a 2° x 2.5° resolution with 35 sigma−
pressure layers. The model tops of the GEOS−3 DAS and the UMD−CTM are 0.01 hPa.
Pressures at the tops and bottoms of the first 25 GEOS−3 DAS and UMD−CTM layers (~1000
hPa to ~37.6 hPa) are identical. The uppermost 23 GEOS−3 DAS layers are mapped onto 10
UMD−CTM layers. The resulting fields are mapped onto a 2° x 2.5° grid. The UMD−CTM
grid includes 8 layers between the surface and 850 hPa and 13 layers between 850 hPa and 100
hPa with a vertical resolution in the expected TOPSE tropopause region of 1.4 to 1.8 km. The
sigma−pressure interface of the UMD−CTM is ~242 hPa. Six−hour averaged u and v
components of the wind are taken from the GEOS−3 DAS. The winds are interpolated in time
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to the transport time. The vertical velocity is calculated kinematically each transport time step
(15 minutes) by assuming the vertical velocity is zero at the top of the model and integrating
downward.

3.3.

7

Be calculations

Beryllium−7 production varies with the solar cycle. It is smallest when the solar cycle is
near its maximum and largest when the cycle is near its minimum. The solar cycle was near its
maximum in 2000. The 7Be source used in this study, 0.080 atoms 7Be m−2 s−1, [Lal and Peters,
1967] is appropriate for a solar maximum year. Following Liu et al. [2001], we divided the 7Be
source into tropospheric and stratospheric components using the tropopause pressure. The
tropopause pressure was calculated for each grid point in the GEOS−3 DAS. It is defined to be
the largest GEOS−3 DAS pressure (pressure < 600 hPa) at which the Ertel potential vorticity
equals 2.5 x 10−6 K m2 kg−1s−1. However, if the resulting tropopause pressure is less than the
pressure at the 380 K surface, the pressure at the 380 K surface is used as the tropopause
pressure. Calculations began 1 Jan 2000 following a 6−month spin up from an initial condition
of 7Be = 0 using GEOS−3 DAS fields from July − December 2000. The GEOS−3 assimilation
did not begin until November 1999.
The time−averaged (February 1 − May 31, 2000) 7Be budget for the globe is shown in
Table 1. Seventy−one percent of model−calculated 7Be is produced in the stratosphere. This
value agrees well with the value (70%) given in Lal [1963] and Lal and Peters [1967].
Radioactive decay is the dominant loss mechanism for 7Be with a stratospheric source (strat−
7

Be), while wet scavenging is the dominant loss mechanism for 7Be with a tropospheric source

(trop−7Be). Dry deposition plays a relatively minor role. The time−averaged 7Be budget for the
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TOPSE region is also shown in Table 1. In this region, because of the relatively low tropopause,
strat−7Be accounts for 84% of the total 7Be production. The relative importance of radioactive
decay is also enhanced primarily due to low scavenging rates over the northern portion of the
TOPSE region.
The zonally averaged model−calculated 7Be distribution in mBq/SCM (see appendix) and
its stratospheric component (strat−7Be/ total−7Be) are shown for the TOPSE period in Figures
1a−b. As expected, stratospheric concentrations exceed tropospheric concentrations by nearly an
order of magnitude. At a given pressure within the troposphere, concentrations are largest in the
descending branches of the Hadley circulation and lowest at latitudes where scavenging is large.
In general, model−calculated concentrations are similar to concentrations shown by Liu et al.
[2001] for a simulation without cirrus scavenging. The magnitude of ascent and descent within
the Hadley circulation is less than that shown by Liu et al. [2001]. The stratospheric component
in the troposphere varies from 15−80%. Lowest values are found in the mid−troposphere at
equatorial locations and near the surface at polar locations.

4. Comparison of model−calculated and observed 7Be

4.1. Mean distributions

Beryllium−7 was sampled on 31 days during 38 TOPSE flights. Mean 7Be
concentrations during each of these days are shown with asterisks in Figure 2. Mean
concentrations for each of these days were calculated by weighting individual measurements by
sampling times. The contributions from trop−7Be and strat−7Be are shown with diagonal and
horizontal lines, respectively. Mean model−calculated concentrations for each day were
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calculated by weighting model output interpolated to the locations (longitude, latitude, and
pressure) and times of 7Be measurements by the sampling period. Mean 7Be sampling pressures
(P) and GEOS−3 DAS tropopause pressures (T) are also shown for each of the flight dates.
Nearly all measurements were taken at pressures greater than the GEOS−3 tropopause pressure.
Two hundred−and−ninety of the 298 samples had sampling pressures more than 10 hPa greater
than the model−calculated tropopause pressure. Mean model−calculated concentrations
exceeded mean measured concentrations by only 5%.
Observed daily−average 7Be concentrations in the upper troposphere exceeded 30
mBq/SCM on March 7, April 2, April 28, and April 30. Model−calculated concentrations on
March 7, April 2, and April 28 also exceeded this value. Concentrations on April 30 were higher
than normal but considerably less than observed. The ability of the CTM to capture the high
7

Be concentrations on these days is encouraging. High 7Be concentrations in the upper

troposphere are usually associated with air that has recently been in the stratosphere. It appears
that the location and time of major STE events are captured by the UMD−CTM when driven by
GEOS−3 DAS fields. The magnitude of most events is underestimated possibly due to the
relatively coarse resolution of the model.
Mean model−calculated and observed 7Be profiles in the southern (latitudes < 60°N) and
northern (latitudes > 60°) portions of the TOPSE region are shown in Figures 3a−b, respectively.
The profiles were obtained by sorting individual 7Be measurements and model output
interpolated to the same location as a function of pressure. The solid (derived from
observations) and dashed (derived from model output) lines show weighted least squares third
order polynomial fits to the sorted fields. The sampling periods were used as weights. Fits to the
trop−7Be component are shown with pluses. Measurements show a "S−like" 7Be profile with
concentration maxima in the upper and lower troposphere. This "S−like" feature is fairly well
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captured by the model in the northern portion of the TOPSE region but is barely evident in the
southern portion of the TOPSE region.
Excessive cross−tropopause flux has been a problem with CTMs driven by data from the
GEOS DAS [Liu et al., 2001; Bey et al., 2001], but it does not appear to be a significant problem
in this simulation. Model−calculated mean upper tropospheric concentrations exceed measured
concentrations by 10 ± 15%. The magnitude of cross tropopause flux can also be evaluated by
comparing the stratospheric component of model−calculated 7Be with estimates of the
component derived using atmospheric measurements [Liu et al., 2001]. The stratospheric
component of model−calculated 7Be in a model layer is calculated by dividing the strat−7Be
concentration by the total 7Be concentration. Observation−based estimates of the stratospheric
component utilize 90Sr and 7Be data.

90

Sr is a long−lived radionucleide produced by nuclear

detonations and lost by scavenging in the troposphere. An estimate of the strat−7Be
concentration in the troposphere can be obtained by multiplying 90Sr concentrations in the
troposphere by 7Be/ 90Sr ratios in the lower stratosphere [Dutkiewicz and Husain, 1985].

This

estimate is an upper bound since it assumes that the 7Be/ 90Sr ratio is preserved in the troposphere
(i.e., it ignores changes in the ratio due to decay of 7Be). The stratospheric component is
obtained by dividing the resulting strat−7Be concentrations by measured 7Be concentrations in
the troposphere. Analyses of lower stratospheric 7Be/ 90Sr ratios from samples taken during
NASA’s Global Atmospheric Sampling Program (GASP) and ground−level 7Be and 90Sr
measurements at Environmental Measurement Laboratory (EML) sites (38° − 51° N) indicate
that the stratospheric component of 7Be in the surface layer increased from 25 to 38% during the
February to May period [Dutkiewicz and Husain, 1985]. The stratospheric component for this
latitude band in the lowest layer of the UMD−CTM during the February to May period increased
from 39 to 42%. This bias suggests that cross tropopause flux in the UMD−CTM when driven
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by GEOS−3 DAS fields is too high by 35 ± 20%. This value is 25% higher than the estimate
derived by comparing upper tropospheric profiles. Which value is likely to be most accurate?
Model−calculated lower tropospheric concentrations in the southern portion of the
TOPSE region are up to a factor of two too small. A possible cause is excessive wet scavenging
in the UMD−CTM. The precipitation rate and the liquid water content determine scavenging
rates in the UMD−CTM. Precipitation rates appear to be reasonable. Monthly average GEOS−3
DAS precipitation rates for the 100°−60° W, 30°−60° N region during the TOPSE period differ
from satellite−gauge precipitation estimates from the Global Precipitation Climatology Project
Version 2 Combined Precipitation Data Set [Huffman et al., 1995; Susskind et al., 1997] by less
than 20%. Within this region, precipitation rates are underestimated north of 40° N, especially
during February and overestimated south of 40°N, especially during May. An estimate of the
liquid water content is not available from the GEOS−3 DAS. We followed Giorgi and
Chameides [1986] and assumed a cloud condensed water content of 0.5 x 10−3 kg m−3 when
calculating the fraction of a grid volume experiencing large−scale convection. This value may
be appropriate for highly soluble gases and aerosols but overestimates the scavenging of 7Be,
especially at higher latitudes [Brost et al., 1991]. An overestimation of scavenging would result
in an overestimation of the stratospheric component because trop−7Be is preferentially scavenged
(see section 5). Therefore, the bias derived using 7Be/ 90Sr ratios is likely to be an upper bound
on the cross tropopause flux bias. We suspect cross tropopause flux is overestimated in the
UMD−CTM when driven by GEOS−3 DAS fields, but only by 10−25%. Strat−7Be is not
constrained in the following simulations.
This small bias is a dramatic improvement over the biases seen in earlier simulations
driven by the GEOS DAS. Stratosphere−troposphere exchange was overestimated by a factor of
3 when the distributions of 7Be and O3 were simulated using 2° x 2.5° sigma layer CTMs driven
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by GEOS DAS fields [Liu et al., 2001; Bey et al., 2001]. The calculations discussed in this
paper were driven by a more recent version of the GEOS DAS; however, the main difference
between these and the previous simulations is the vertical grid. A sigma−pressure coordinate
system was used for these simulations while a sigma coordinate system was used for the previous
calculations.
The variability of observed and model−calculated concentrations as a function of
pressure is shown in Figures 3c−d, respectively. The variation of standard deviation with
pressure was estimated by fitting a third order polynomial to the standard deviations of
concentrations in seven different pressure bins (see Table 2).

Model−calculated concentrations

are less variable than observed, especially in the upper troposphere. The underestimation is at
least partially due to the 2° x 2.5° resolution of the model. The magnitude of variability in a 1° x
1° simulation that is still being analyzed is more realistic. Both the measurements and model
output show a peak in variability in the upper troposphere. Measurements also show a
variability minimum in the mid−troposphere near 600 hPa. The model does not captures this
minimum. The variation of the model−calculated stratospheric component with pressure at the
location of TOPSE measurements is shown in Figure 3e. It equals 25% near the surface and
increases gradually to 40% at 600 hPa. It then increases rapidly and is greater than 70% by 350
hPa.
The method of least squares was used to fit a regression line to the change with time of
7

Be concentrations in four pressure bins in the southern and northern portions of the TOPSE

region (see Tables 3 and 4). No clear trends were present. The statistically significant (at a 95%
confidence interval (CI)) increase in the mid−troposphere (500−650 hPa) in the northern portion
of the region can be discounted because sampling pressures in this bin decreased significantly
with time. Statistically insignificant but interesting temporal changes can be seen at sampling
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pressures of less than 500 hPa. Temporal changes at these pressures appear to differ between the
southern and northern portions of the TOPSE region. Observed and model−calculated
concentrations increase with time in the southern portion of the region and decrease with time in
the northern portion of the region. The changes are not caused by a "trend" in the sampling
altitude. Mean upper tropospheric sampling pressures in both regions increase by only 4−5 hPa
per month.
Five−minute averaged O3 concentrations in the southern portion of the TOPSE region
increased significantly (at a 99% CI) with time in each of the four pressure bins (Table 5). Five−
minute averaged O3 concentrations in the northern portion of the TOPSE region increased
significantly at the same CI in the mid−tropospheric layers (425−650 hPa) but showed no trend
in the uppermost and lowermost layers. The different 7Be and O3 "trends" is a strike against the
hypothesis that seasonal differences in STE control seasonal differences in O3. A more definite
conclusion is not possible with this type of analysis because sampling conditions (synoptic
situation, pressure, duration, and location) varied greatly from day−to−day and even sample−to−
sample during the TOPSE period. A more extensive discussion of O3 trends during TOPSE is
given in Browell et al. [this issue].
In an effort to determine if the stratospheric component at the longitude and latitude of
the TOPSE measurements is representative of the entire TOPSE region, probability distribution
functions (PDFs) of the stratospheric component on the flight dates in the upper− (~392 hPa) and
middle− (~682 hPa) troposphere are shown in Figure 4. Mean stratospheric components at the
location of TOPSE measurements differ only slightly from mean stratospheric components for
the region in general. It appears that model output at the location of TOPSE measurements is
representative of the TOPSE region.
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4.2. Individual flights

The variation of 7Be concentrations within flights 12 (February 25), 16 (March 7), 28
(April 7), and 35 (April 28) will now be investigated in more detail. The February 25, April 7,
and April 28 flights originated in Thule and ended in Churchill. The March 7 flight began and
ended in Churchill. Model−calculated and observed 7Be concentrations as a function of time are
shown in Figures 5a−d. Model−calculated and observed 7Be concentrations track well. Within
each flight, concentrations show a strong dependence on pressure; although considerable
variation is also seen during several constant altitude segments (e.g., 18−21 UT February 25 and
14−15 UT March 7). The model does a reasonable job of capturing this constant altitude
variation. Periods when analysis of temporal fluctuations in 7Be, O3, and HNO3 data indicated
that stratospheric influence was large are shown with X’s [Dibb et al., this issue]. Both model−
calculated and observed concentrations are enhanced during these periods; although, model−
calculated concentrations are usually too low. The underestimation of variability is not
surprising. Model−calculated concentrations were obtained by interpolating 2° x 2.5° model
output at 00, 06, 12, and 18 UT to the measurement location and time. Sampling periods were
only 10−20 minutes which translates to 75−150 km (½ − 1 grid box) at typical C−130 speeds.
Curtain plots for each of the four flights are shown in Figures 6a−d. The location of the
GEOS−3 DAS tropopause is shown by triangles. The gradient between the uppermost
troposphere and the lower stratosphere is striking! Clearly, 7Be is a sensitive tracer of STE.
From comparison of 7Be measurements and model output it appears that the location of
tropopause folds is reasonably well simulated by the model. It is also interesting to note that the
18 UT February 25 and 16:30 UT April 7 measurements were taken in relative 7Be minima.
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5. Evaluation of stratospheric input to the troposphere

The first step in determining the stratospheric input to the troposphere was to determine
the mass of 7Be in the troposphere. The tropospheric 7Be mass was calculated for each 2° x 2.5°
column by summing the mass of 7Be in each tropospheric model layer. Model layers were
assumed to be tropospheric if they were entirely within the troposphere. The tropopause was
determined using GEOS−3 DAS tropopause pressures. The mean tropospheric 7Be
concentrations in the southern and northern portions of the TOPSE regions were calculated by
dividing the total 7Be mass within each region by the total mass of air in each region.
Variations with time of mean tropospheric model−calculated 7Be concentrations in the southern
and northern portions of the TOPSE region are shown in Figures 7a−b, respectively.
Concentrations increase by 2.9% per month in the southern portion of the region and 1.6% per
month in the northern portion of the region. Both trop−7Be and strat−7Be increase with time;
although, the relative increase of each component varies between the southern and northern
portion of the TOPSE region. Trop−7Be concentrations increase by 2.0% in the southern portion
of the region and by 2.4% in the northern portion of the region. Strat−7Be concentrations
increase by 3.5% in the southern region but by only 0.9% in the northern region. Consequently,
the stratospheric component in the southern portion of the TOPSE region increases by 0.57% per
month, while the stratospheric component in the northern portion of the TOPSE region decreases
by 0.69% per month (Figures 7c−d).
Interpretation of these percentage increases and decreases is complicated by the fact that
changes in the rates of several processes contribute to the increases and decreases in tropospheric
7

Be concentrations and stratospheric components. A balance between four processes controls

seasonal variations in tropospheric 7Be concentrations [Feely et al., 1989]. These processes are
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STE, vertical mixing within the troposphere, meridional transport within the troposphere, and
scavenging. The relative importance of each of these processes depends on location and season.
The relative importance of each of these processes in the TOPSE regions was analyzed using
budgets constructed from UMD−CTM output. Changes in the tropospheric mass of trop−7Be
and strat−7Be in the southern (Figure 8) and northern (Figure 9) portions of the TOPSE region
due to some of these processes will now be examined.
Temporal changes in tropospheric 7Be mass (the sum of trop−7Be and strat−7Be) due to
temporal changes in scavenging are shown in Figures 8a and 9a. The importance of 7Be loss due
to scavenging varies by more than a factor of 6 (after adjusting for area) between the southern
and northern portions of the TOPSE region. Losses due to scavenging increase rapidly with time
especially in the southern portion of the TOPSE region. The increase in scavenging with time
increases the stratospheric component of 7Be because scavenging is largest in the lower portions
of the troposphere where concentrations of trop−7Be exceed concentrations of strat−7Be. The
stratospheric components of scavenged 7Be in the southern and northern portions of the TOPSE
region were 39.4 and 42.9%, respectively. These percentages are considerably less than the
mean stratospheric component of atmospheric 7Be in the troposphere in each of these regions,
60.5 and 57.1%, respectively.
Temporal changes in tropospheric 7Be mass due to temporal changes in chemistry are
shown in Figures 8b and 9b. Since the rates of 7Be production and decay were held fixed
throughout the simulation, these time series reflect changes in the mean tropospheric height with
time. Since total 7Be production within the troposphere exceeds loss by decay, the mean change
is positive. A small increase with time is evident due to seasonal changes in the tropopause
pressure. Changes in the mass of tropospheric 7Be due to changes in net 7Be production
(production − decay) with time are relatively small when compared to changes due to other
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processes (compare slopes of changes). Net 7Be production by this mechanism increases slightly
with time in the southern portion of the TOPSE region but is nearly unchanged in the northern
portion of the TOPSE region.
Temporal changes in 7Be mass within the troposphere due to mass convergence are
shown for trop−7Be in Figures 8c and 9c and for strat−7Be in Figures 8d and 9d. The mass
convergence term includes changes in 7Be mass due to advection as well as changes in 7Be mass
due to changes in background mass (surface pressure). Convergence over the entire TOPSE
period results in a net loss of trop−7Be. This 7Be may be lost to the stratosphere via isentropic
transport across the tropopause or diabatic ascent or to regions outside of the TOPSE domain via
horizontal transport within the troposphere. The rate of loss decreases with time in both TOPSE
regions. Convergence results in a net increase of strat−7Be. The increase is much larger in the
southern portion of the TOPSE region than in the northern portion. Strat−7Be enters the TOPSE
region via STE within the TOPSE region or via horizontal advection following STE at locations
outside of the TOPSE region. The increase in the convergence of strat−7Be with time requires
that STE also increase with time. The increase in convergence will lag the increase in STE
unless the exchange occurs over the TOPSE region.
The changes in the budget terms with time can be used to interpret the changes in the
stratospheric component shown in Figures 7c−d. The stratospheric component in the southern
portion of the TOPSE region increases with time due to temporal increases in scavenging and
STE. Increases in scavenging increase the stratospheric component because trop−7Be is
preferentially scavenged. Increases in STE increase the component because the increase in strat−
7

Be due to convergence (mostly STE) exceeds the increase in trop−7Be due to convergence. The

overall increase of the component is only 0.6% per month. An increase of this magnitude would
result in tropospheric O3 increases of only 1% per month. This back of the envelope calculation
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assumes stratospheric O3 concentrations exceed tropospheric O3 concentrations by a factor of 10
and an initial stratospheric component of 55%. The stratospheric component in the northern
portion of the TOPSE region decreases with time because increases in the component due to an
increase in scavenging are more than balanced by decreases in the component due to the
preferential convergence of trop−7Be via meridional advection into the northern portion of the
TOPSE region. The effect of STE on the northern portion of the TOPSE region does not appear
to increase with time.

6. Summary

A primary goal of TOPSE was to determine the causes of a springtime tropospheric O3
maxima over mid− to high−latitude continental North America. Measurements of 7Be, a tracer
of stratospheric air, were taken during the TOPSE mission. The distribution of 7Be during the
TOPSE period was also calculated using a 35 sigma−pressure layer 2° x 2.5° version of the
UMD−CTM driven by data from the GEOS−3 DAS. The 7Be source function was divided into
tropospheric and stratospheric components, and separate simulations were performed for 7Be
with a tropospheric (trop−7Be) and a stratospheric (strat−7Be) source. Model−calculated and
observed 7Be concentrations were analyzed in an attempt to determine if the stratospheric
component of tropospheric air in the TOPSE region increased with time during the spring.
Seasonal changes in the stratospheric component of tropospheric air are a possible cause of the
observed O3 maxima.
Comparison of model−calculated 7Be concentrations with measurements revealed that
cross tropopause exchange of 7Be was overestimated but only by 10−25%. This bias is much
less than what was seen in earlier calculations driven by the GEOS DAS. The main difference
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between these and earlier simulations is the vertical coordinate of the CTM. These calculations
were run using a sigma−pressure coordinate system while the previous calculations were run
using a sigma coordinate system. In general, temporal fluctuations in 7Be concentrations were
well captured even during constant altitude portions of TOPSE flights, although the magnitudes
of the fluctuations were usually underestimated. Mean observed 7Be profiles in the southern and
northern portion of the TOPSE region are "S−like" in shape. This "S−like" structure is fairly
well captured by the model in the northern part of the TOPSE region but barely evident in the
southern portion of the TOPSE region. The stratospheric component of 7Be in air sampled
during the TOPSE mission appears to be representative of the TOPSE region in general. Within
the TOPSE region [100°−60°W, 40°−80°N], 55−60% of 7Be in the model troposphere had a
stratospheric source, and 25−35% of 7Be in the surface layer had a stratospheric source.
Mid− and upper−tropospheric O3 concentrations increase significantly with time during
the TOPSE period. A similar increase with time of 7Be might be expected if seasonal changes in
STE controlled seasonal changes in tropospheric O3 concentrations. However, 7Be
measurements were quite variable and no significant increase was found during the TOPSE
period.
Model−calculated mean tropospheric 7Be concentrations increased by 2.9% per month in
the southern portion [100°−60°W, 40°−60°N] of the TOPSE region. The increase is consistent
with statistically insignificant increases seen in upper−tropospheric 7Be data from TOPSE. Both
trop−7Be and strat−7Be increased with time. The stratospheric component increased by only
0.6% per month. Analysis of the 7Be budget shows that seasonal increases in STE and
scavenging contribute to this increase. Tropospheric O3 increases resulting from this increase in
STE are likely to be less than 1% per month.
Model−calculated mean tropospheric 7Be concentrations increased by 1.6% per month in
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the northern portion [100°−60°W, 60°−80°N] of the TOPSE region. 7Be measurements do not
show an increase during this time period. Analysis of the 7Be budget showed that seasonal
increases in STE did not contribute to this increase. Changes in this region appear to be due to
the preferential convergence of trop−7Be via meridional advection into the northern portion of
the TOPSE region.

Appendix

Beryllium−7 concentrations are expressed in milli−Becquerels per cubic meter at
standard temperature and pressure (mBq/SCM) or fento−Curies per SCM (fCi/SCM) where 1
mBq/SCM equals 27 fCi/SCM. The 7Be source used in this study was expressed in atoms of 7Be
per gram of air per second (atoms 7Be g−1 s−1). The resulting concentrations were in atoms 7Be g−
1

. A Becquerel is defined as a disintegration per second. The disintegration rate of 7Be (d7Be/dt)

is given by −7Be/tau where tau is the lifetime (76.88*86400s). The density at STP equals 1.293
kg m−3. The concentration in Bq/SCM is obtained by multiplying the concentration in atoms 7Be
g−1 by the density and dividing by the lifetime. One Bq/SCM equals 1000 mBq/SCM.
Therefore one mBq/SCM equals 0.1947 atoms 7Be g−1.
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Figures

1. Zonally averaged mean (February 1 − May 31, 2000) model−calculated 7Be as a function of
latitude and pressure. a) Concentration in units of 1, 2, 5, 7.5, 10, 15, 20, 50, 100, 200, and 350
mBq/SCM, b) Percent with a stratospheric source. Contour intervals of 20, 25, 30, 35, 40, 50,
60, 70, 80, and 90%.

2. Model−calculated vs. measured 7Be concentration (mBq / SCM) as a function of flight date.
The component of model−calculated 7Be with a tropospheric (stratospheric) source is shown
with diagonal (horizontal) lines. The mean sampling pressure of the aircraft is shown with "P’s".
The mean tropopause pressure is shown with "T’s".

3. 7Be profiles constructed using TOPSE measurements and model output interpolated to the
same location and time. a) measured−7Be (solid), model−calculated total−7Be (dashed), and
model−calculated trop−7Be (bold +’s) for sampling latitudes of ≤ 60°N, b) Same as a) but for
sampling latitudes of >60°N, c) UNH 7Be data at all latitudes ± 1σ, d) model−calculated total−
7

Be at all latitudes ± 1σ. e) Percent of model−calculated 7Be with a stratospheric origin ± 1σ.
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4. Probability density functions of the stratospheric component of 7Be in the UMD−CTM. The
solid line shows a PDF of model output at the location and time of the TOPSE measurements.
The dotted lines show PDFs from 18 UT model output for the same day. These PDFs are for the
same longitude and latitude as the measurements but at ~392 (upper) and ~682 (lower) hPa. The
dashed lines show PDFs from 18 UT model output for the same day for the TOPSE region
[100°−60°W, 40°−80°N] at ~392 (upper) and ~682 (lower) hPa.

5. Model−calculated vs. measured 7Be on a) 25 February, b) 7 March, c) 7 April, and d) 28
April. Measured concentrations are shown with boxes. The hatched (shaded) region shows the
contribution of model−calculated 7Be with a tropospheric (stratospheric) source. A solid line
shows the mean sampling pressure. Time periods when stratospheric influence is believed to be
large are shown with an X.

6. Curtain plots comparing model−calculated 7Be concentrations above and below the flight
paths. Measured concentrations are proportional to asterisk size and range from 0.9 to 113.0
mBq/SCM. Sampling pressures are given by the lowest points on each of the asterisks. Dates
shown are a) 25 February, b) 7 March, c) 7 April, and d) 28 April. GEOS−3 DAS tropopause
pressures are shown with triangles.

7. Time series of mean model−calculated tropospheric 7Be in the southern (7a) and northern
(7b) portions of the TOPSE region. The solid lines show total 7Be concentrations. The dashed
and dotted lines show the contribution from strat−7Be and trop−7Be, respectively. Mean
stratospheric components in the troposphere for the southern and northern portions of the
TOPSE region are shown in Figures 7c and 7d, respectively.
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8. Processes affecting tropospheric 7Be concentrations within the southern portion of the TOPSE
region. a) Mass of scavenged 7Be (trop−7Be + strat−7Be) as a function of time, b) Net change in
7

Be mass (trop−7Be + strat−7Be) due to production and decay, c) Net change in trop−7Be mass

due to mass convergence by advection and/or changes in the surface pressure, d) Same as c but
for strat−7Be mass. In order to reduce noise, a boxcar smoother of width 30 was applied to the 5
February to 27 May mass convergence fields before plotting. Least square fits to each of the
terms before smoothing are shown with straight lines. Units for the changes are mBq/SCM *
kg*1.e−15.

9) Same as 8 but for northern portion of TOPSE region.
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Table 1. Monthly average global and TOPSE region (100°−60°W, 40°−80°N) 7Be
budget for trop−7Be and strat−7Be. Units are g /month and percent as appropriate.

Source
Decay
Wet dep
Dry dep

Source
Decay
Wet dep
Dry dep

GLOBAL BUDGET
Trop−7Be
Mass
Loss(%)
Mass
3.61
8.69
0.90
24.6%
6.75
2.63
72.3%
1.45
0.11
3.1%
0.07

Strat−7Be
Loss(%)
81.6%
17.6%
0.9%

TOPSE REGION BUDGET
Trop−7Be
Strat−7Be
Mass
Loss(%)
Mass
Loss(%)
0.065
0.355
0.018
35.4%
0.251
90.9%
0.029
58.4%
0.023
8.5%
0.003
6.2%
0.002
0.6%
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Table 2. Statistics for 7Be data and model output at the same location after binning data
and model output into 7 pressure bins. Pressures (hPa) at the top and bottom of each bin
are given by P(top) and P(bot), respectively. The number of data points in each bin is
given by Npts. Mean concentrations (mBq/SCM) and standard deviations are given in
the “mean” and “stddev” columns.

P(top)
350
400
500
600
700
800
900

TOPSE measurements
P(bot) Npts
mean stddev
400
60 40.50 44.94
500
126 19.09 18.95
600
40 12.93 10.12
700
20 12.47 10.08
800
10
9.68 13.05
900
20
8.56
6.56
1021
22
2.55
1.85

P(top)
350
400
500
600
700
800
900

Total−7Be (model)
P(bot) Npts
mean stddev
400
60 36.52 17.24
500
126 22.01
9.60
600
40 14.88
7.18
700
20
8.38
4.01
800
10
7.76
4.87
900
20
5.30
2.55
1021
22
1.04
0.67
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Table 3. Statistics for 7Be data and model output at the same location after binning into 4
pressure bins. Only data and model output collected at latitudes equatorward of 60°N are
included. Pressures at the top and bottom of each bin are given by P(top) and P(bot),
respectively. The number of data points in each bin is given by Npts. Mean
concentrations (mBq/SCM) and standard deviations are given in the “mean” and “stddev”
columns. The trend (mBq/SCM per month) and 95% confidence intervals for it are
given in the “Min, Mean, and Max” columns.

P(top)
350
425
500
650
P(top)
350
425
500
650

P(bot) Npts
425
55
500
47
650
14
1021
29

TOPSE measurements
mean stddev
Min
33.63 42.09
−2.00
16.62 13.56
−3.06
11.27 10.75
−6.89
9.27 10.46
−3.56

Mean
8.37
0.56
−1.67
−0.05

Max
18.73
4.18
3.55
3.47

P(bot) Npts
425
55
500
47
650
14
1021
29

Total−7Be (model)
mean stddev
Min
30.54 14.11
−1.40
18.34
9.09
−0.82
11.46
7.62
−5.18
5.12
4.28
−0.35

Mean
2.11
1.57
−1.53
1.03

Max
5.63
3.95
2.13
2.41

Table 4. Same as table 3 but for sampling latitudes poleward of 60°N.
P(top)
350
425
500
650
P(top)
350
425
500
650

P(bot) Npts
425
20
500
64
650
30
1021
39

TOPSE measurements
mean stddev
Min
43.32 40.68 −34.63
20.91 22.57
−6.68
13.03
9.61
−0.05
7.01
7.55
−2.02

Total−7Be (model)
P(bot) Npts
mean stddev
Min
425
20 46.35 17.28 −13.63
500
64 23.37
8.77
−1.41
650
30 15.58
6.75
0.66
1021
39
4.96
4.26
−0.33

Mean
−12.47
−1.03
3.38
0.53
Mean
−4.07
0.78
2.98
1.06

Max
9.69
4.63
6.82
3.08
Max
5.49
2.98
5.29
2.46
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Table 5. Statistics for O3 data from the 5−minute merge product at latitudes equatorward
and poleward of 60°N. Pressures at the top and bottom of each bin are given by P(top)
and P(bot), respectively. The number of data points in each bin is given by Npts. Mean
concentrations (ppbv) and standard deviations are given in the “mean” and “stddev”
columns. The trend (ppbv per month) and 99% confidence intervals for it are given in
the “Min, Mean, and Max” columns.

P(top)
350
425
500
650

Sampling latitudes less than 60°N
P(bot) Npts
mean stddev
Min
Mean
425
276 76.32 41.14
9.48
14.83
500
303 61.43 19.94
4.39
6.73
650
207 57.44 11.84
0.31
2.23
1021
391 47.86 11.28
0.99
2.33

P(top)
350
425
500
650

Sampling
P(bot) Npts
425
112
500
345
650
202
1021
345

latitudes greater than 60°N
mean stddev
Min
Mean
88.05 29.33
−8.16
0.20
68.39 13.05
5.92
7.40
64.24 10.04
6.36
7.60
42.53 17.63
−2.30
0.10

Max
20.19
9.07
4.14
3.67
Max
8.55
8.88
8.83
2.50

