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Abstract The distribution of most trace species within the troposphere depends on a complex
interplay between chemistry and transport. Holzer and Waugh (2015) introduced the concept of a
path-dependent lifetime 𝜏c(r), that parameterizes the integrated chemical loss during transport from the
source to a given location r. Here we examine whether this parameterization provides a new approach for
decoupling transport and chemistry. We present calculations of path-dependent lifetimes for a suite of
chlorofluorocarbon replacement gases in a simple 12-box model and show that for trace species with global
lifetimes from 0.5 years to 50 years 𝜏c provides an accurate representation of the integrated chemical loss
during transport. The value of 𝜏c is shown to be sensitive to tropical hydroxyl radical (OH) concentrations,
with much weaker sensitivity to extratropical OH or transport. Furthermore, fractional changes in Southern
Hemisphere extratropical 𝜏c are similar to the corresponding fractional changes in tropical OH; that is, a
10% increase in tropical OH results in a 10% decrease in 𝜏c. This suggests that observation-based estimates
of 𝜏c may be used to constrain tropical OH concentrations provided that 𝜏c can be determined with
sufficient precision.

1. Introduction

The mixing ratios of trace gases are determined by the complex interplay of three processes: transport,
chemistry, and emissions. Measurements of reactive trace gases therefore encode information on these pro-
cesses, and it has been a long-standing challenge in atmospheric science to exploit the constraints provided
by trace gas observations. Given perfect knowledge on transport, and reasonably well-known emissions or
source-region mixing ratios, one would know how much dilution occurs and hence one would be able to
infer chemical loss. An example of this approach is the estimation of the abundance of hydroxyl radical (OH),
and hence of the oxidizing capacity of the atmosphere, which is arguably one of the most important metrics
of atmospheric chemistry (e.g., Prinn, 2003; Thompson, 1992). The global OH abundance has typically been
inferred from the rate of change of methyl chloroform (MCF) (e.g., Montzka et al., 2011; Prinn et al., 2005; Rigby
et al., 2013), although other trace gases are now being considered (Liang et al., 2017). On the other hand,
if chemistry and source-region mixing ratios were known, one could calculate the attenuation due to loss,
and hence constrain transport. In general, however, neither transport nor loss are perfectly known and both
processes act simultaneously; that is, the integrated action of loss and transport operators on tracer mixing
ratios cannot simply be factored. In order to make progress, it is therefore desirable to construct quantities
from tracer measurements that are dominantly sensitive to either transport or chemistry, thereby effectively
decoupling transport from chemistry.

A widely used approach to decouple transport from chemical loss has been the use of tracer ratios (e.g., Ehhalt
et al., 1998; McKeen & Liu, 1993; McKeen et al., 1996; Parrish et al., 2007). However, such ratio methods are typ-
ically formulated in terms of idealized Lagrangian parcel concepts where loss is parameterized by a constant
chemical lifetime, simple mixing with a reservoir is assumed, and the resulting relations among tracer ratios
do not directly translate into absolute loss frequencies. While these approaches have had some success, the
uncertainties due to the assumptions of the idealized parcel models are difficult to quantify. Here we seek to
move beyond the parcel approach and instead represent transport from a defined source region by the transit
time distribution, TTD, which naturally captures transport and mixing via all possible paths from the source.
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Recently, Holzer and Waugh (2015) introduced the idea of a path-dependent lifetime, 𝜏c, to parameterize the
integrated loss from a well-defined source region to field point and time (r, t). In this approach, the TTD that
is used to propagate source concentrations to (r, t) is attenuated with a simple exponential exp[−𝜉∕𝜏c(r, t)],
where 𝜉 is transit time and the path-dependent lifetime 𝜏c varies with (r, t) reflecting the fact that different field
points are generally reached via different pathways through the atmosphere’s chemical loss field. The TTD is an
integral representation of transport only, while the path-dependent lifetime is determined by both transport
and chemical loss. Holzer and Waugh (2015) already noticed that 𝜏c is not sensitive to the details of the TTD,
which they exploited to constrain 𝜏c in the Southern Hemisphere (SH) from an approximate form of the TTD
based on SF6 and chlorofluorocarbon (CFC) measurements. Once the 𝜏c were determined, measurements of
CFC replacements were then used for a more refined estimate of the TTD from which the original estimates
of 𝜏c could be validated.

The insensitivity of 𝜏c on transport in the observational analysis of Holzer and Waugh (2015) suggests that this
parameterization of chemical loss may provide a practical approach for decoupling transport and chemistry
more generally. Here we use a 12-box model (Rigby et al., 2013) to examine this possibility. We calculate 𝜏c for a
suite of CFC replacement gases within the model, test the validity of the path-dependent lifetime approxima-
tion, and examine the sensitivity of 𝜏c to chemistry and transport. These calculations show that 𝜏c provides an
accurate representation of the integrated chemical loss, and that 𝜏c is much more sensitive to tropical OH con-
centrations than to extratropical OH or transport. This suggests that observation-based estimates of 𝜏c may
be used to constrain tropical OH concentrations provided that 𝜏c can be determined with sufficient precision.

In the remainder of this paper, we review the concept of the path-dependent lifetime in section 2. The model
and experimental design are presented in section 3. In section 4 we evaluate model performance by com-
paring simulated and observed tracers. The model is then used to test the validity of the 𝜏c approximation
(section 5), to examine the spatial variations in 𝜏c and the relationships of 𝜏c with the local and global lifetimes
(section 6), and finally to examine the relative sensitivity of 𝜏c to changes in OH and transport (section 7).

2. Tracer Lifetimes

Before briefly reviewing the definition of the path-dependent lifetime 𝜏c (r) (Holzer & Waugh, 2015), we first
consider the more commonly used local lifetime 𝜏L and global lifetime 𝜏g (see Ko et al., 2013, for review). For
tracers with first-order loss frequency  their mixing ratio 𝜒 (r, t) is governed by the continuity equation

𝜕𝜒(r, t)
𝜕t

+  𝜒(r, t) = S(r, t) − 𝜒(r, t), (1)

where  is the linear transport operator and S is the tracer source (that is assumed to be independent of the
tracer concentration). The local lifetime 𝜏L of such a tracer is simply the inverse of the local loss frequency, that
is, 𝜏L = 1∕, which varies with space and time. For species whose loss occurs through reaction with OH, the
variations in 𝜏L are related to OH concentration and local temperature.

The global lifetime is defined as the global burden of tracer divided by globally integrated loss, that is,
𝜏g = ∫ 𝜒𝜌dV∕ ∫ 𝜒𝜌dV . The global lifetime 𝜏g is the inverse of a tracer mass weighted global average loss
frequency and hence is independent of space (Ko et al., 2013).

The path-dependent lifetime 𝜏c parameterization is based on TTD theory (e.g., Holzer & Hall, 2000). For a con-
served tracer with source only in the Northern Hemisphere (NH) midlatitudes the mixing ratio 𝜒 at location r
is given by the convolution

𝜒 (r, t) = ∫
∞

0
d𝜉 G (r, t|t − 𝜉)𝜒NH (t − 𝜉) , (2)

where 𝜒NH(t) is the time-dependent mixing ratio in the NH source region Ω, 𝜉 is the transit time from Ω to
r, and G is the TTD (Holzer & Hall, 2000). The quantity d𝜉G (r, t|t − 𝜉) is the fraction of air at r that was last in
contact with Ω during time interval (t − 𝜉, t − 𝜉 + d𝜉). Because all air carrying the conserved tracer must have
contacted Ω at some time, we have the normalization ∫ ∞

0 d𝜉 G = 1.

If the trace gas undergoes chemical loss (or another loss process) during transport, the TTD must be replaced
by an integration kernel that incorporates chemical loss. Therefore, we write

𝜒 (r, t) = ∫
∞

0
d𝜉 GL (r, t|t − 𝜉)𝜒NH (t − 𝜉) , (3)
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where GL is the “loss TTD” and includes the effects of chemical loss on the tracer. Because of the loss GL < G,
and ∫ ∞

0 d𝜉 GL < 1. Holzer and Waugh (2015) assumed that the integrated loss from source region 𝛀 to a
particular location r could be parameterized with a timescale 𝜏c (r, t) and that

GL (r, t|t − 𝜉) = G (r, t|t − 𝜉) e−𝜉∕𝜏c(r,t), (4)

so that

𝜒 (r, t) = ∫
∞

0
d𝜉 G (r, t|t − 𝜉) e−𝜉∕𝜏c(r,t)𝜒NH (t − 𝜉) . (5)

The timescale 𝜏c is referred to as the path-dependent lifetime.

If a tracer undergoes spatially and temporally uniform chemical loss, then the above expressions are exact,
with 𝜏c equal to the local lifetime 𝜏L (which in this case also equals the global lifetime 𝜏g). However, in the more
realistic situation of spatially and temporally varying chemical loss, the use of 𝜏c is only an approximation of
the integrated loss from source Ω to r, and the three lifetimes 𝜏c, 𝜏L, and 𝜏g will generally differ. Below we will
use a 12-box model to test the validity of equation (4) (section 5) and also examine the relationships among
the three lifetimes for tracers with spatially and temporally varying loss (section 6).

The path-dependent lifetime 𝜏c has been estimated from observations (Holzer & Waugh, 2015) and is explored
here within the context of a model. It is worth emphasizing the differences between the two approaches.
Holzer and Waugh (2015) applied inverse modeling to tracer observations: The TTD G and the path-dependent
lifetimes 𝜏c were determined by maximizing the information entropy of the TTD subject to the tracer
constraints (i.e., that the propagated and loss-attenuated source concentrations match the observed concen-
trations in the SH). Here we calculate the TTD and tracer concentrations directly using a forward (box) model
of the atmospheric circulation and of chemical loss. The path-dependent lifetime 𝜏c is then determined so
that equation (5) with the model-computed TTD reproduces the model calculated tracer concentrations.

3. Model and Numerical Experiments
3.1. The 12-Box Model
We use a simple 12-box model that provides a coarse-grained representation of atmospheric transport. The
model is based on the Advanced Global Atmosphere Gases Experiment 12-box model described in Rigby et al.
(2013). As shown in the next section, this model can reproduce the general features of observed tracer distri-
butions. Furthermore, it is easy to modify the chemistry and transport within the model, and its computational
efficiency allows a large number of simulations to be performed.

In the model, the atmosphere is composed of 12 boxes, with three vertical layers (the lower troposphere (LT,
wherein pressure p> 500hPa ), the upper troposphere (UT, 200 < p < 500 hPa), and the stratosphere (S, p <

200hPa )) and four meridional divisions (the NH extratropics (NE, 30∘N–90∘N), the NH tropics (NT, 0–30∘N), the
SH tropics (ST, 30∘S–0), and the SH extratropics (SE, 90∘S–30∘S)); see Figure 1. Each box is named in terms of
its vertical and meridional position as shown in Figure 1; for example, LTNE is the Lower Troposphere Northern
Extratropics box.

Transport between boxes occurs via advection (blue arrows in Figure 1) and diffusion (red arrows), with both
being parameterized in terms of a timescale. The advection time scales of the model are from Cunnold et al.
(1983), whereas the diffusive exchange times were calculated using an inverse method constrained by CFC
measurements (M. Rigby, personal communication, 2013) The diffusive exchange times used differ from those
reported in Rigby et al. (2013) and yield better agreement with observation for CFCs and other trace gases
(see section 4.1 below). The transport parameters vary seasonally, but there are no interannual variations
(annual mean values of the transport parameters are shown in Figure 1). Ocean uptake is neglected.

We consider tropospheric chemical loss due to reaction with OH which is modeled as

 = A[OH] exp

(
−

TA

T

)
, (6)

where [OH] is the number density of OH, T is absolute temperature, and A and TA are the Arrhenius A-factor
and activation temperature, respectively, and take different values for different gases (Sander et al., 2011).
The prescribed OH concentrations are based on monthly averages from the three-dimensional model of
Spivakovsky et al. (2000), while the T fields for each month are based on the 1990–2010 average temperature
from the National Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis
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Figure 1. Schematic of the basic configuration of the Advanced Global
Atmosphere Gases Experiment 12-box model (from Rigby et al., 2013). The
name for each box is in the middle of the box, differentiating stratospheric
(S), upper tropospheric (UT), and lower tropospheric (LT) boxes, as well as
differentiating Southern Hemisphere (S), Northern Hemisphere (N),
extratropical (E), and tropical (T) boxes. Red arrows indicate diffusion
between neighboring boxes, while blue arrows indicate tropospheric
advection. Corresponding colored numbers indicate the annual mean
relaxation time scale (units: days) for diffusive and advective transport. Black
numbers in the upper left corner of each box are the annual mean number
density of OH (units: ×106 molecules/cm3). OH is zero for the stratospheric
boxes, but the stratospheric timescale of chemical loss is fixed as 1,000 years.

(Kalnay et al., 1996). As with the transport, seasonally varying (but annually
repeating) values of [OH] and T are prescribed. Note that the tropospheric
annual mean [OH] in this model is slightly larger in the SH than that in the
NH, which is the opposite to what is found in many comprehensive mod-
els (Liang et al., 2017; Naik et al., 2013). The chemical loss in stratospheric
boxes is the same for each stratospheric box and for all seasons, with values
listed in Table 1.

In the LTNE box, tracer mixing ratio is prescribed to represent anthro-
pogenic emissions in the NH midlatitudes (see details in section 3.2). The
tracer spreads out from the LTNE box throughout the atmosphere via
advective-diffusive transport and decays through chemical loss. In this
study, we focus on transport to the SH. The transport from NH midlati-
tudes to the Arctic is another important aspect of transport (Orbe et al.,
2015a, 2015b; Shindell et al., 2008) but is not considered here partly due
to the fact that the simple 12-box model cannot distinguish between NH
midlatitudes and the Arctic. Moreover, quantifying transport to the Arctic
may require calculation of more detailed boundary propagators that dis-
tinguishes transport from different longitudinal regions, which is not
possible with the zonal mean framework of the 12-box model used here.

3.2. Simulations
Two types of simulations are performed with the 12-box model: (i)
“perpetual-season” simulations that provide a simplified framework for
examining the sensitivity of tracer distributions and 𝜏c to transport or
chemistry and (ii) “seasonal” simulations that are aimed at producing a
realistic tracer distributions that can be compared with observations.

In the perpetual-season simulations the circulation parameters, OH, temperature, and tracer mixing ratio in
the LTNE are fixed in time. The steady state mixing ratio of the tracer in other boxes can then simply be deter-
mined by matrix inversion of equation (1) with 𝜕𝜒∕𝜕t = 0 and the transport operator  and loss operator 
are organized into 12 × 12 matrices. Separate steady state solutions are calculated with the transport param-
eters, OH, and temperature for each 3 month season. The four steady state solutions for each season are then
averaged to form an effective annual mean tracer distribution.

For the “seasonal” simulations, the circulation parameters, OH, temperature, and mixing ratio in the LTNE vary
with time, and the time variation of the concentration in other boxes is calculated by integrating equation (1)
forward in time, with monthly resolution.

Both types of simulations are performed for a suite of trace gases listed in Table 1. The perpetual-season sim-
ulations are used to test the sensitivity of tracer distributions to changes in chemistry or transport, and not
for comparisons with observations. Therefore, for simplicity, we fix the concentration in the LTNE box to be
unity for all simulated tracers. In contrast, one of the aims of the seasonal simulation is to compare the model
with observations, so the specified LTNE boundary condition in these simulations is based on observations.
Specifically, as illustrated in Figure 2a, we set the value in the LTNE box to the average of observations from
the NOAA “Halocarbons and other Atmospheric Trace Species Group” (HATS) (Thompson et al., 2004) stations
at Mace Head, Ireland (MHD, 53∘N, 10∘W) and Niwot Ridge, Colorado, USA (NWR, 40.1∘N, 105.6∘W). The sim-
ulated tracer concentrations in the other LT boxes are then compared with surface observations from other
HATS stations (see details in section 4.1). For most tracers, simulations are performed from 1977 to 2012, but
to avoid initial spin-up effects for the long-lived CFCs, we extend the time series to earlier times using data
from Bullister (2015). For all tracers we analyze only the last 10 years. Given the simplicity of the model, we
examine only the annual mean tracer distributions.

Some of the tracers in the seasonal simulations are used solely for the comparison with observation (e.g., SF6

and CFCs whose tropospheric chemical loss are negligible). All tracers in the perpetual-season runs are used
for the study of 𝜏c, and their global lifetimes 𝜏g range from 0.6 years to 53 years, which is a much wider range
than what has been used previously (e.g., Liang et al., 2017).
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Table 1
Trace Species Simulated in the Model, Together With Their Annual Mean Global Lifetimes 𝜏g as Estimated With
Our Model Together With the Recommended WMO (2014) 𝜏g Values and the Stratospheric Lifetimes Prescribed in
Our Model

Names Experiments 𝜏g (years) 𝜏g (years) from WMO Stratospheric lifetimes (years)

SF6 S 5,191 3,200a 1,000b

CFC-12 S 97 102 18.5c

CFC-113 S 81 93 15.4c

HFC-143a P 53 57 1,000b

CFC-11 S 41 52 7.4c

CCl4 S 28 26 5.8d

HCFC-142b S,P 18.7 19.3 1,000b

HFC-134a S,P 13.8 14.1 1,000b

HCFC-22 S,P 12.6 13.0 1,000b

HCFC-141b S,P 10.6 10.7 1,000b

HFC-365mfc P 9.2 9.3 1,000b

HFC-41 P 2.9 2.9 1,000b

HFC-152a S,P 1.6 1.6 1,000b

HCFC-123 P 1.4 1.4 1,000b

HFC-152 P 0.6 0.4 1,000b

Note. Tracers are simulated in the perpetual-season run (P) or seasonal run (S) or both. For tracers simu-
lated only in the perpetual-season run, 𝜏g values are in italic, otherwise the 𝜏g values shown in the table
are derived from the seasonal run. The differences between 𝜏g values derived from seasonal and corre-
sponding perpetual-season runs are negligible. For the WMO (2014) 𝜏g values, we list the total lifetimes for
SF6, CCl4, and chlorofluorocarbons (CFCs), and tropospheric lifetimes due to reaction with OH for the CFC
replacements.
a1,278 years in Kovács et al. (2017) and 850 years in Ray et al. (2017). bLittle stratospheric loss. cRigby

et al. (2013). dScaled from Brown et al. (2013), but using the stratospheric lifetime of CFC-11 as 7.4 years in
Rigby et al. (2013) instead of 45 years as the CFC-11 global lifetime for scaling. WMO = World Meteorological
Organization.

We additionally calculated the model’s TTD, using both perpetual-season and seasonal simulations. For the
perpetual-season simulations the flow is steady, and the TTD is independent of field time t and is calculated
as the response to a Dirac delta function in mixing ratio applied to the source region (LTNE box). For this
calculation we determined the TTDs with a subdaily resolution of roughly 9 h. For the seasonal simulations
the flow is unsteady and the calculation of the time-varying TTD is more complicated; see Haine et al. (2008)
and Holzer et al. (2003) for detailed discussions. Here we calculate the seasonal TTDs using the boundary
impulse response (BIR) method (“method 0” of Haine et al., 2008). We simulate a series of BIRs from the LTNE
box initialized 1 month apart, with the concentration in the LTNE box in each BIR simulation held at a nonzero
constant value for the first month and set to zero for the remainder of the simulation. The TTD at a given
field time is then formed by sampling the BIRs from earlier times at the same field time (which corresponds to
different transit times); see Figure 1 of Haine et al. (2008) or Figure 2 of Holzer and Waugh (2015). A drawback
of this approach is that the temporal resolution of the TTDs is limited by the duration of the boundary pulses
and by the frequency of the BIR simulations, which here gives us monthly time resolution.

4. Evaluation of Model Performance

Before examining simulations of the path-dependent lifetime 𝜏c, we briefly evaluate model performance by
comparing simulated and observed tracers. Because we are using a simple model, we do not expect perfect
agreement with observations. Furthermore, even if there is a good agreement with observations, this does
not necessarily mean that the model is correctly reproducing all aspects of the transport or chemistry. All we
can test is whether the tracer distributions or TTDs are a reasonable representation of the observations.

4.1. CFC and other Trace Gases
As discussed in section 3.2, seasonal simulations of tracer concentrations are compared with observations
from HATS surface stations. Specifically, the simulated LTNT mixing ratio is compared with the average of
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Figure 2. Model performance comparing to observations from January 1977 to October 2012: (a–d) Time series of
monthly mean CFC-11 concentration (unit: ppt) from surface observations (gray) and 12-box model (black), for the LTNE,
LTNT, LTST, and LTSE boxes. (e–g) The fractional difference between simulated and observed tracer concentration,
Δ𝜒∕ ⟨𝜒obs ⟩, for each tracer. Error bars show one standard deviation of the interannual variability. See details in section 3.

the observations from Cape Kumukahi, Hawaii, USA (KUM, 19.5∘N, 154.8∘W) and Mauna Loa, Hawaii, USA
(MLO, 19.5∘N, 155.6∘W); the LTST mixing ratio is compared with observations from Cape Matatula, American
Samoa (SMO, 14.3∘S, 170.6∘W); and the LTSE mixing ratio is compared with the average of observations from
Cape Grim, Tasmania, Australia (CGO, 40.7∘S, 144.8∘E), Palmer Station, Antarctica (SPA, 64.6∘S, 64.0∘W), and
the South Pole (SPO, 90∘S).

We first consider CFC-11. Figures 2b–2d compare the simulated mixing ratio 𝜒 (black) with the observed
mixing ratio 𝜒obs (gray) in the LTNT, LTST, and LTSE boxes, respectively. There is a good agreement between
simulated and observed CFC-11, with a rapid increase before 1995 and a subsequent slow decline. The agree-
ment between the model and observations is quantified by calculating the fractional error Δ𝜒∕ ⟨𝜒obs ⟩ =(
𝜒 − ⟨𝜒obs ⟩) ∕ ⟨𝜒obs ⟩, where ⟨ ⟩denotes the mean of stations within the box, and fields are averaged over the

last 10 years of the simulation (2002–2011). Figures 2e–2g shows that the model’s underestimate of CFC-11
is less than 1% in all boxes. The slight underestimation in the model could be due to unrealistically fast strato-
spheric loss (yielding 𝜏g ∼ 41 years here versus 52 years reported by the World Meteorological Organization
(WMO) (2014), errors in the transport or potentially due to growing emissions in lower-latitude developing
countries (Montzka et al., 2009; WMO, 2014) that are not included in the model.

Similar agreement between modeled and observed concentrations is found for other long-lived tracers (SF6,
CFCs, and CCl4), with model underestimates of less than 1% (Figures 2e–2g). For the shorter lived CFC replace-
ments there are larger errors, possibly due to errors in the model chemistry (e.g., overestimate of OH). But even
in this case the error is small (∼ 5%), and the model reproduces the key features of the tracer distributions.

4.2. TTDs
To quantify and further evaluate the transport in the model, we examine the simulated annual mean TTDs.
Figure 3 shows the TTD, and the corresponding mean transit time Γ, width Δ, and modal age, for each box
(except for the LTNE source box where G = 𝛿(t)) in the seasonal run. Definitions of Γ, Δ, and modal age
follow Hall and Plumb (1994) and Orbe et al. (2016). Similar TTDs and transport metrics are found for the
perpetual-season run (not shown). For all boxes the TTD is very skewed with a young modal transit time and
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Figure 3. Climatological annual mean transit time distribution in each box for the seasonal run. Γ, Δ, and modal transit
time calculated in this 12-box model are shown as black numbers at the top right corner of each box. Corresponding
values from a comprehensive chemistry transport model in Orbe et al. (2016) and those based on observations in Holzer
and Waugh (2015) are listed as blue and gray numbers, respectively. In Orbe et al. (2016), values of transport metrics are
calculated at two vertical levels (873 hPa and 312 hPa) and four latitudes (70∘S, 30∘S, 10∘N, and 80∘N). Values (medium
numbers) in Holzer and Waugh (2015) are estimated at SPO and CGO corresponding to the LTSE box, and at SMO
corresponding to the LTST box.

old long tail. The details, however, vary between boxes, with generally a longer tail (larger Δ), older Γ, and
older modal transit time for boxes farther away from the LTNE source box.

The mean transit time Γ in the model generally matches that inferred from observations (Holzer & Waugh,
2015; Waugh et al., 2013) (see Figure 3), with Γ less than 1 year in the tropospheric NH, 1–2 years in the tro-
pospheric SH, and around 2 years in the lower stratosphere. The width Δ and ratio Δ∕Γ in the SH surface
boxes are slightly smaller than those inferred from observations (Holzer & Waugh, 2015) (e.g., Δ ∼ 1 year and
Δ∕Γ ∼ 0.8 in the LTST box, whereas the corresponding values in Holzer and Waugh (2015) are 1.3 ± 0.3 years
and 1.1 ± 0.3). Similar to the observation-based estimates, Δ in the model is similar between the LTST and
LTSE boxes, but Δ∕Γ is smaller in LTSE than in LTST.

There is also a good agreement between the TTDs from the simple 12-box model and those from the more
comprehensive three-dimensional chemistry transport model (CTM) considered by Orbe et al. (2016) (see
Figure 3). Specifically, there are similarΓ (1.2–1.8 years),Δ (1–1.2 years), and modal transit time (0.2–0.6 years)
in the SH, indicating similar interhemispheric transport in the two models. An examination of the interhemi-
spheric exchange time (Patra et al., 2011) also shows that the simple model (∼1.4 years) is generally in a good
agreement with observations and other comprehensive models (1–2 years). There are, however, some differ-
ences in the NH, where the transport timescales in the box model are significantly faster (e.g., Γ ∼ 0.1 years
in the UTNE box versus ∼0.5 years in the CTM), and the box model, with significantly faster vertical diffusion,
fails to capture the vertical gradient of Γ simulated in the three-dimensional model.

5. Validity of 𝝉c

Having established that the 12-box model produces a reasonable simulation of tracer distributions and trans-
port into the SH, we now use the model to test the validity of the 𝜏c approximation of Holzer and Waugh
(2015). We do this by determining 𝜏c from equation (5), using simulations of the tracer concentration 𝜒 and
TTD G, and comparing G(t) exp

(
−𝜉∕𝜏c

)
with the simulated loss TTD GL; that is, we compare the left- and

right-hand sides of equation (4). For these tests, we use the perpetual-season runs because they simulate TTDs
with higher temporal resolution (subdaily). Calculations of G, GL, and 𝜏c for each season are averaged to form
annual mean quantities that are compared below.
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Figure 4. (top) TTD G (gray) and loss TTD GL (black) for HCFC-141b in (a) SSE, (b) LTSE, (c) LTST, and (d) LTNT boxes. Dashed lines show the 90th percentile of GL .
(bottom) Corresponding ratio of GL∕G (black) on a log scale versus a linear fit of −𝜉∕𝜏c (gray). The fractional root mean square errors of the fit over the 90th
percentile of GL are provided in the bottom left corners.

We first consider 𝜏c for HCFC-141b, which has a global lifetime 𝜏g ∼ 10 years. The top half of the plots in
Figure 4 show the loss TTD GL (black) and the TTD G (gray) in the SSE, LTSE, LTST, and LTNT boxes. There is
a clear difference between GL and G, with chemical loss removing HCFC-141b from LTNE-labeled air so that
GL < G. This difference increases with the distance from the source box. The ratio GL∕G (black) is compared
with the exp

(
−𝜉∕𝜏c

)
(gray) in the bottom half of the plots in Figure 4. If the relationship in equation (4) were

exact, the GL∕G ratio would match the gray line. Figure 4 shows that this is only approximately true for small
transit times (times not too far out in the tail of the TTD).

While GL∕G does not precisely decay like exp(−𝜉∕𝜏c), we are concerned with the quality of the approximation
GL ∼ G exp(−𝜏∕𝜏c) when it is applied to a convolution kernel for propagating tracer concentrations as in
equation (5). As a simple metric to quantify the quality of the 𝜏c parameterization, we consider the fractional
root mean square errors (RMSEs) between ln

(
GL∕G

)
and −𝜉∕𝜏c over the first 90th percentile of GL (dashed

lines in Figure 4). Figure 4 shows that the fractional RMSEs are below 0.5% for all boxes (other boxes are not
shown). In other words, equation (4) is a valid approximation when G exp

(
−𝜉∕𝜏c

)
is used as a convolution

kernel for HCFC-141b.

This result also holds for tracers with different 𝜏g. This is illustrated in Figure 5 which shows the globally
averaged fractional RMSE over the first 90th percentile of GL for several trace species, with 𝜏g varying between

Figure 5. Global mean fractional RMSE of 𝜏c over the first 90th percentile of
GL , for each tracer. The mean is given by the height of the gray bar while the
black line shows the range. The global lifetime 𝜏g of each tracer is given in
parentheses following the tracer name on the x axis.

0.6 and 53 years. The RMSE is larger for smaller 𝜏g, but even for HFC-152
(𝜏g = 0.6 years) the fractional RMSE is still only a few percent. Thus,
for trace species with global lifetimes from 0.5 years to 50 years, the
path-dependent lifetime 𝜏c is an accurate approximation for assessing
their integrated chemical loss during atmospheric transport.

6. Spatial Distribution of 𝝉c

Before we examine the sensitivity of 𝜏c to changes in chemistry and trans-
port, we examine the spatial variations in 𝜏c and the relationships of 𝜏c with
𝜏g and 𝜏L. Holzer and Waugh (2015) estimated 𝜏c at several surface stations
in the SH and showed that 𝜏c varied with location, with larger values in
SH high latitudes than in the subtropics. They also showed that 𝜏c differed
from the global lifetime 𝜏g, with 𝜏c >𝜏g for tracers with 𝜏g ∼ 10 years or
older, but 𝜏c < 𝜏g for short-lived tracers with 𝜏g ∼ 1 year. We now examine
if similar variations hold in the 12-box model and also examine variations
with altitude and over a wider latitude range.

We again first consider HCFC-141b. Figure 6 shows 𝜏c in each box from
the seasonal simulation of HCFC-141b. There is a large spatial variation
in 𝜏c, with 𝜏c < 𝜏g in the subtropical troposphere of both hemisphere
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Figure 6. Spatial distribution of annual mean 𝜏c (unit: year) for tracer
HCFC-141b derived from the last 10 years of the seasonal run. Numbers in
parentheses give the corresponding annual mean local lifetime 𝜏L . In
unshaded boxes 𝜏c < 0.9 𝜏g , in light gray shaded boxes 0.9 𝜏g < 𝜏c < 1.1 𝜏g ,
and in dark gray shaded boxes 𝜏c > 1.1 𝜏g .

(unshaded boxes), 𝜏c ∼ 𝜏g in the SH extratropical troposphere (light gray
shaded boxes), and 𝜏c >𝜏g in the stratosphere (dark gray shaded boxes).
The simulated 𝜏c in SH high latitudes is larger than in the SH subtrop-
ics, consistent with the observation-based analysis of Holzer and Waugh
(2015), although the observational estimates of 𝜏c are larger than simu-
lated (10–14 years for 𝜏LTSE

c in Holzer and Waugh (2015) versus 10.3 years
in the model; ∼10–12 years for 𝜏LTST

c in Holzer and Waugh (2015) versus
8.5 years in the model).

It is also of interest to compare the spatial distribution of 𝜏c with that
of the local loss time 𝜏L, which is closely related to distribution of OH in
the troposphere. The local lifetimes 𝜏L of HCFC-141b are shown in paren-
theses in Figure 6. The magnitude of 𝜏c is generally very different from
𝜏L, and the spatial variations are much smaller than those of 𝜏L. In the
tropical LTNT and LTST boxes (where OH is most abundant and 𝜏L is small-
est) 𝜏c >𝜏L, but in all other boxes 𝜏c < 𝜏L. Although the explicit relation
between 𝜏c and 𝜏L has not been established, 𝜏c can be roughly regarded
as an average of 𝜏L weighted by the residence time in each box along the
source-to-destination journey. In the LTNT and LTST boxes 𝜏c >𝜏L, because
𝜏c is influenced not only by the rapid in situ loss (small 𝜏L) in these boxes
but also by the slower loss (significantly larger 𝜏L) in other boxes traversed

en route from the source box. The reverse holds for the other boxes that are accessed via transport through
the tropical troposphere, which causes 𝜏c to be smaller than the local 𝜏L.

The spatial distribution of 𝜏c and its relationship to 𝜏g and 𝜏L are similar for all tracers. Figure 7 shows 𝜏c from
perpetual-season simulations of a suite of tracers with annual mean 𝜏g varying from 0.6 years to 53 years. Note
that 𝜏c for HCFC-141b calculated from the perpetual-season simulations is similar to that from the seasonal
simulation except in the UTNE box. The unrealistically short 𝜏c in the UTNE box in the seasonal simulations
is due to the unrealistically fast vertical exchange between the LTNE and UTNE boxes (ΓUTNE ∼ 0.1 years
in Figure 3). Strong chemical loss with unrealistically short 𝜏c is therefore expected to compensate for the
unrealistically fast transport. As expected, 𝜏c tends to increase in magnitude for longer-lived tracers, but the
spatial variations remain essentially unchanged. The spatial pattern of 𝜏c for all tracers can be partitioned into
three regimes depending on whether 𝜏c is less than, similar to, or greater than 𝜏g. Furthermore, for all CFC
replacement gases, 𝜏c >𝜏L in the LTNT and LTST boxes, and 𝜏c < 𝜏L elsewhere (not shown).

The spatial variation of 𝜏c for tracers shown in Figure 7 is consistent with the findings of Holzer and Waugh
(2015), with larger values at the SH high latitudes than in the SH subtropics. However, there are differences in
the magnitude. In the model, 𝜏c ∼ 𝜏g at the SH high latitudes for all tracers, but the relationship between 𝜏c

and 𝜏g varies among tracers in the observation-based estimates of Holzer and Waugh (2015) with 𝜏c >𝜏g for

Figure 7. As in Figure 6 but for 𝜏c from the perpetual-season simulations of (a) HFC-152, (b) HFC-152a, (c) HFC-41,
(d) HCFC-141b, (e) HCFC-22, (f ) HFC-134a, (g) HCFC-142b, and (h) HFC-143a.
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Table 2
Perturbation Parameters for the Sensitivity Experiments With Perpetual-Season Transport

Experiments Notes 𝛿−− 𝛿− D 𝛿+ 𝛿++

Tropical OH [OH] in LTNT, LTST, 0.91 (0.6) 1.21 (0.8) 1.52 1.82 (1.2) 2.12 (1.4)

(106molecules/cm3) UTNT, and UTST

Extratropical OH [OH] in LTNE, LTSE, 0.30 (0.6) 0.40 (0.8) 0.51 0.61 (1.2) 0.71 (1.4)

(106molecules/cm3) UTNE, and UTSE

S (days) LTNE ↔ LTNT 37.9 (0.6) 50.5 (0.8) 63.1 75.7 (1.2) 88.4 (1.4)

LT (days) LTNT ↔ LTST 165.5 (0.6) 220.6 (0.8) 275.8 292.3 (1.06) 308.9 (1.12)

LTST ↔ LTSE 79.7 (0.6) 106.2 (0.8) 132.8 140.8 (1.06) 148.7 (1.12)

UT (days) UTNE ↔ UTNT 14.1 (0.4) 24.7 (0.7) 35.3 38.5 (1.09) 41.7 (1.18)

UTST ↔ UTSE 29.3 (0.4) 51.2 (0.7) 73.1 79.7 (1.09) 86.3 (1.18)

V (days) LTNT ↔ UTNT 2.9 (0.1) 14.5 (0.5) 28.9 144.7 (5) 2,894 (100)

LTST ↔ UTST 1.7 (0.1) 8.6 (0.5) 17.3 86.4 (5) 1,728 (100)

Note. Numerical values without parentheses are the annual means of either the regionally averaged [OH] (units: ×106

molecules/cm3) or the diffusive exchange coefficients (units: days). Numbers in parentheses show the corresponding
perturbation ratios A𝛿∕A0, where A𝛿 is either the [OH] or the diffusive exchange times in the perturbation run (i.e., 𝛿−− ,
𝛿− , 𝛿+ , and 𝛿++), and A0 is the corresponding value in the default run (D).

HCFC-22, 𝜏c ∼ 𝜏g (within error bars) for HCFC-141b, HCFC-142b, and HFC-134a, and 𝜏c < 𝜏g for HFC-152a. The
discrepancy for HCFC-22 may well be due to subtropical sources in the NH (Montzka et al., 2009) that were not
accounted for in the observational estimates of 𝜏c, which were therefore biased high (Holzer & Waugh, 2015).
The discrepancy for the much more reactive HFC-152a could easily be due to large meridional concentration
gradients due to the rapid loss that are simply not resolvable with the 12-box model, which instantly mixes
the entire lower or upper troposphere south of 30∘S.

7. Sensitivity of 𝝉c to OH and Transport

The spatial patterns of 𝜏c sheds light on the global structure of chemical loss, but as discussed above 𝜏c is
the integrated loss and depends on both the transport (pathways and timescales) and chemistry. We now
examine sensitivity simulations that isolate the effects of chemistry and transport and hence test whether the
𝜏c approximation provides an approach for decoupling transport and chemistry.

7.1. Chemistry
We first consider the sensitivity of 𝜏c to changes in chemistry by changing OH concentrations (i.e., [OH] in
equation (6)). The [OH]s in tropical or extratropical boxes are varied by ±20% and ±40% (see Table 2), which
roughly corresponds to the one standard deviation (∼ 20%) and the range (∼ 40%) of tropical [OH] among
models with comprehensive chemistry (see supporting information in Naik et al., 2013).

The sensitivity of 𝜏c for HCFC-141b to changes in tropical or extratropical [OH] is shown in Figures 8a and 8b,
for the LTST (filled triangles) and LTSE (open triangles) boxes. There is more rapid chemical loss and hence
a decrease in 𝜏c for increased tropical or extratropical [OH]. However, changes in tropical [OH] have a larger
impact on 𝜏c than changes in extratropical [OH] for the same fractional perturbation (compare Figures 8a
and 8b). Specifically, decreasing tropical [OH] by 40% results in 𝜏c in the LTSE box (𝜏LTSE

c ) increasing by 6 years,
whereas the same fractional decrease in extratropical [OH] results only in an increase in 𝜏LTSE

c of less than
2 years. This is not surprising since tropical [OH] is much larger than extratropical [OH] (see Figure 1). The
sensitivity of 𝜏g (gray line) to [OH] is similar to that of 𝜏c, and the 𝜏c∕𝜏g ratio remains approximately unchanged
for changes in tropical or extratropical [OH].

A similar dependence of 𝜏c on [OH] is found in the LTSE and LTST boxes, but 𝜏c decreases slightly less in LTST
(Figures 8a and 8b). This results in a decrease in Δ𝜏c = 𝜏LTSE

c − 𝜏LTST
c with increasing [OH], for increases in

tropical or extratropical [OH] (Figures 8c and 8d).

The sensitivity of 𝜏c to [OH] for HCFC-141b is typical of that of the other trace gases. For a given change in [OH]
there is a nearly identical change in 𝜏c∕𝜏c0, where 𝜏c0 is the value for default transport and chemistry, for all
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Figure 8. Sensitivity of 𝜏c to tropical and extratropical OH concentrations.
(a, b) 𝜏c of HCFC-141b in the LTSE (white symbols) and in the LTST
(black symbols) as a function of (a) tropical and (b) extratropical [OH].
The corresponding global lifetime 𝜏g (gray curves) are also shown.
(c, d) Δ𝜏c = 𝜏LTSE

c − 𝜏LTST
c of HCFC-141b as a function of (c) tropical and

(d) extratropical [OH]. (e, f ) 𝜏c relative to the default 𝜏c0 (with default [OH]
and transport) in the LTSE box for several tracers, as a function of (e) tropical
and (f ) extratropical [OH] . In all panels the default annual mean tropical
[OH] and extratropical [OH] are indicated by the dashed lines.

tracers (Figures 8e and 8f). This suggests that, for the tracers considered,
the sensitivity of 𝜏c to [OH] is largely set by the variation of 𝜏L in the tropics.

For much of the range of [OH], 𝜏c decreases roughly linearly with enhance-
ment in [OH], and the change in 𝜏c is approximately proportional to the
change in [OH], that is, 𝛿𝜏c∕𝜏c0 ∼ 𝛿𝜏L∕𝜏L0 ∼ −𝛿 [OH] ∕ [OH]0. This holds
for a ±40% change of extratropical [OH] and a ±20% change of tropical
[OH]. Liang et al. (2017) used multiple SPARC models and showed a sim-
ilar linear correlation between 𝜏g for MCF (𝜏g ∼ 5 years) and global OH
abundance. However, the SPARC models appear to show a slightly larger
sensitivity to [OH] than what we find here. For SPARC models, increasing
the global [OH] by 25% results in a nearly 40% decrease in MCF 𝜏g whereas
in the box model a 40% change in tropical [OH] is required to yield 40%
fractional changes in HCFC-141b 𝜏g (or 𝜏c). Despite differences between
models, this quasi-linear relationship suggests that if 𝜏c can be more accu-
rately estimated from observations, one can correspondingly constrain
[OH], especially the tropical [OH].

7.2. Transport
We now examine the sensitivity of 𝜏c to changes in transport. Although
changes in transport impact the distribution of tracers (such as NOx) that
are vital for OH production and distribution (Kley, 1997; Lelieveld et al.,
2016), we neglect this feedback and perturb the transport with fixed
prescribed OH concentrations given the simplicity of the model.

We focus on the impact of changes in the diffusive exchange between
tropospheric boxes, as diffusion dominates the tropospheric transport in
the model (Rigby et al., 2013). We applied four different sets of trans-
port perturbations, which we refer to as the source (S), lower troposphere
(LT), upper troposphere (UT), and vertical (V) perturbations. In the S per-
turbations we test the sensitivity of 𝜏c to changes in lateral exchange
between the source box and the next box in the lower troposphere (i.e.,
LTNE↔LTNT). In the LT perturbations, we test the sensitivity to lateral
exchange in the lower troposphere, by modifying the diffusive timescales
for exchange between the NH and SH lower tropical boxes and between

the SH lower tropical and lower extratropical boxes, that is, the LTNT↔LTST and LTST↔LTSE exchanges. In the
UT perturbations, we modify the diffusive exchange time between the upper tropical and upper extratropi-
cal boxes in both hemispheres (UTNE↔UTNT and UTSE↔UTST), to mimic changes in the exchange between
the Hadley Cells and the midlatitudes. Lastly, in the vertical perturbations, the exchanges between LT and UT
in the tropical boxes (LTNT↔UTNT and LTST↔UTST) are modified to explore the effect of tropical convection
and associated mixing on 𝜏c.

Similar to perturbing [OH], each set of transport perturbations (e.g., S) consists of four sensitivity runs in which
the corresponding diffusive exchange coefficients are either increased or decreased (see Table 2). For the
S perturbations, runs with increased diffusive exchange times correspond to a slower meridional transport
whereas runs with decreased exchange times correspond to faster transport.

We perturb the transport so the range is similar to that among comprehensive chemistry-climate models
(Orbe et al., 2017). Because the exchange coefficients are not observable quantities, we use the change of
mean transit time to the LTSE box, ΓLTSE, as a metric of how the transport has changed in the perturbation
experiments. The mean transit time can also be compared with observation-based estimates (Holzer & Waugh,
2015; Waugh et al., 2013) and with results from more comprehensive models (e.g., Orbe et al., 2016; Waugh
et al., 2013). The diffusive exchange coefficients in each set of experiments are perturbed by different inten-
sities (see Table 2) so that there are similar variations in the magnitude of the changes in ΓLTSE , that is, so that
the annually averaged ΓLTSE varies from ∼1.5 to 1.8 years. This is within the observationally constrained range
of 1.2–1.8 years from the study of Holzer and Waugh (2015), but at the lower end of the range of 1.7 to 2.5
years as simulated by comprehensive models participating in the Chemistry-Climate Model Initiative (Orbe
et al., 2017).
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Figure 9. As in Figure 8 but for sensitivity of 𝜏c to changes in transport.
(a, c, e, and g) Variation of HCFC-141b 𝜏c in LTST and LTSE boxes with ΓLTSE

for S, LT, UT, and V transport perturbations. (b, d, f, and h) Percentage
change in 𝜏c relative to the default 𝜏c0 (with default OH and transport) in
the LTSE box for several tracers, for same transport perturbations.

For all our chemistry and transport perturbations, the range of perturbation
is chosen to be comparable with the uncertainties in comprehensive mod-
els. Moreover, it is important to quantify the relative strengths of chemistry
and transport perturbations. Here we use the fractional change of tracer mix-
ing ratio in the LTSE box (i.e., 1 − 𝜒LTSE /𝜒LTSE

0 , where 𝜒LTSE
0 is the value in

the default run) as a metric of perturbation strength because tracer mixing
ratio 𝜒 is simultaneously affected by chemistry and transport. These frac-
tional changes generally range within ±2% and are similar for all sets of
transport and extratropical [OH] perturbations. For perturbations of trop-
ical [OH], the range of fractional changes in 𝜒LTSE is increased to almost
±5% (not shown, but similar to Figure 10). All perturbations therefore have
comparable effect on the tracer concentrations. Below we will quantify the
change in 𝜏LTSE

c per unit change in 𝜒LTSE (see Figure 10), and this quanti-
fies the sensitivity of 𝜏c, which is independent of the absolute strength of
the perturbations.

Enhancing diffusive exchanges decreases ΓLTSE for the S, LT, and UT pertur-
bations, while it increases ΓLTSE for the V perturbation. The former tends to
weaken the atmospheric barriers for meridional transport (Bowman & Carrie,
2002), whereas the latter seems to strengthen recirculations in tropics.

For all sets of transport perturbations, the change in 𝜏LTSE
c or 𝜏LTST

c for
HCFC-141b is about 1 year or less (Figure 9). This is comparable to the impact
of changes in extratropical [OH] but is much smaller than the change of 𝜏c

due to perturbations in tropical [OH], for which 𝜏c varies by up to 8 years
(roughly 4 years for a comparable percentage change in tracer concentra-
tions). Similar results are found for other tracers, and 𝛿𝜏c∕𝜏c0 for transport
perturbations is similar for all tracers considered (Figure 9). Thus, for all trac-
ers 𝜏LTSE

c is only weakly dependent on transport and much more sensitive to
tropical OH concentration.

While the magnitude of changes in 𝜏c is similar for all transport perturba-
tions, the sign of the relationship between 𝜏c and ΓLTSE varies among the
perturbations. Specifically, 𝜏LTSE

c increases with ΓLTSE for LT and UT pertur-
bations but decreases for S and V perturbations. This highlights that there
is not a simple 1-1 relationship between 𝜏c and Γ, and an increase in Γ due
to either a suppressed horizontal diffusion or an enhanced vertical diffusion
can result in either a decrease or increase in 𝜏c.

The sign of the change in 𝜏c for an increase in ΓLTSE depends on whether the additional transit time is spent in
a low- or high-loss region. For example, consider the spatial variation of 𝜏c and Γ in the lower SH troposphere.
For both observations (Holzer & Waugh, 2015) and our simulations, 𝜏c andΓ are both larger in the LTSE than in
the LTST; that is, there is positive 𝜏c -Γ correlation. This occurs because transport through the SH extratropics to
higher latitudes increases Γ with longer pathways. The additional pathways within the SH extratropics result
in tracers spending longer in the low-loss regions of the troposphere so that the integrated loss is less and 𝜏c

is larger.

Similar arguments can explain the Γ-𝜏c relationships for the transport perturbations. For example, decreasing
diffusive exchange in the LT perturbations results in an increase in ΓLTSE , and we speculate that the increased
ΓLTSE is due to decreased transport through shorter pathways connecting LTNE with LTSE via the LT tropical
boxes and increased transport through longer pathways via the UT boxes. Thus, the additional transit time
spent in the UT boxes is accompanied by low loss, which results in an increase in 𝜏LTSE

c and in the positive Γ-𝜏c

relationship. In contrast, for the V perturbations an increase in diffusive vertical exchange results in an increase
in ΓLTSE , which we speculate is likely due to an increase in tropical recirculations. In this case, the additional
transit time is therefore spent in the high-loss lower tropical boxes, yielding a decrease in 𝜏LTSE

c and a negative
Γ-𝜏c relationship.
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Figure 10. Variation of 𝜏c with mixing ratio 𝜒 for HCFC-141b in the LTSE box.
Different symbols correspond to the different variations in OH or transport
shown in Figures 8 and 9. The values of 𝜒 and 𝜏c for default OH and
transport are marked by the thin lines.

More detailed analysis of the differing sign of the Γ-𝜏c relationship among
the different transport perturbations, and confirmation of the above spec-
ulations will require an explicit examination on the residence times in
different regions, for example, analysis of path densities (Holzer, 2009a;
2009b), which is beyond the scope of this study.

8. Discussion and Conclusions

We have used a simple 12-box model to examine the potential value of
observational estimates of the path-dependent lifetimes 𝜏c of trace gases
for constraining OH. Simulations of 𝜏c for a suite of CFC replacement gases
indicate that 𝜏c provides an accurate parameterization of the integrated
chemical loss during transport from NH sources, at least for trace species
with global lifetimes from 0.5 to 50 years. The simulations also show that
𝜏c is primarily determined by tropical OH, with much weaker sensitivity to
extratropical OH or transport. Furthermore, all tracers considered have a
similar sensitivity of 𝜏c to changes in OH. Specifically, for all tracers a 10%
increase in tropical OH results in about a 10% decrease in 𝜏c. This suggests
that the 𝜏c parameterization may effectively decouple transport and chem-
istry and that observation-based inferences of 𝜏c may place constrains on
tropical OH.

One may naturally ask if tracer mixing ratios 𝜒 themselves are sufficiently sensitive to OH to be able to use
observed changes in 𝜒 directly for constraining OH. It is therefore of interest to contrast the sensitivity of 𝜏c

with that of the tracer mixing ratio 𝜒 . Whereas 𝜏c in the SH is much more sensitive to tropical OH than to
transport changes, this is not the case for the 𝜒 whose sensitivity is roughly similar for OH and transport per-
turbations. This is illustrated in Figure 10 which compares variations in 𝜏c with the corresponding variations in
𝜒 for HCFC-141b in the LTSE box for the suite of sensitivity simulations described in section 7, but results here
are from the seasonal run. This shows that 𝜏c does not change much for the transport perturbations, but the
change in 𝜒 for the transport perturbations is comparable with that for OH perturbations. Thus, if there is an
observed change (or model-data difference) in 𝜒 , it could be due to changes (differences) in several different
aspects of the transport as well as tropical and extratropical OH. In contrast a large change (difference) in 𝜏c

only can be caused by changes (differences) in tropical OH.

For all tracers considered, the spatial pattern of 𝜏c is qualitatively similar to that of the local loss time scale
𝜏L, but the variation in 𝜏c is much less than that in 𝜏L, for example, for tracers with a global lifetime of
∼10 years, 𝜏c varies from ∼8 to 10 years in the SH troposphere, whereas 𝜏L varies from ∼3 to 40 years. In
the tropical lower troposphere where OH is most abundant, 𝜏c >𝜏L but 𝜏c < 𝜏L for the rest of the atmo-
sphere. In the SH extratropical troposphere, 𝜏c is similar to the global lifetime 𝜏g, with 𝜏c tending to be
slightly less than 𝜏g for short-lived tracers (𝜏g ∼ 0.5 years or less) and 𝜏c greater than 𝜏g for long-lived tracers
(𝜏g ∼ 50 years). This variation of 𝜏c with 𝜏g is generally similar to the observational estimates of Holzer and
Waugh (2015).

While the simulations presented here suggest that observational estimates of 𝜏c may provide a means to
constrain tropical OH, there are a number of limitations and uncertainties that needed to be considered, which
mainly come from the validity of the 𝜏c parameterization of loss and the accuracy with which 𝜏c is able to
constrain tropical OH.

First, parameterizing chemical loss with a single timescale 𝜏c is not valid for tracers with lifetimes shorter than
0.5 years. This may become a more pronounced limitation for constraining tropical OH in the future given that
the atmospheric loadings of relatively long-lived tracers (e.g., CFCs and MCF) are projected to decline whereas
those of very short-lived halogenated substances (VSLS, 𝜏g < 0.5 years) continue to increase following the
Montreal Protocol (WMO, 2014). In addition, 𝜏c could be sensitive to changes in the early transit time part of
the TTD despite its general insensitivity to transport perturbations (e.g., unrealistically short 𝜏c in the UTNE
box for seasonal simulations). Therefore, the 𝜏c parameterization cannot be applied to regions near the source
where the TTDs are dominated by the short transit times. However, this limitation is much less of an issue
for constraining tropical OH, because tropical OH can be inferred from 𝜏c in regions remote from the source,
where the 𝜏c parameterization of loss is valid.
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In the simple model used here, we assume all sources lie in the LTNE box, prescribe the mixing ratio in this
source box, and attribute all mixing ratio elsewhere to transport from the LTNE box. However, in reality, the
observed tracer mixing ratio within a specified source region is generally due to sources within the region
as well as due to transport into the region from outside sources. This makes the analysis of short-lived trac-
ers especially difficult because it requires a fully resolved TTD that can differentiate tracer sources in different
latitudinal and longitudinal regions. Relatedly, the rapid increase of HCFC emissions in the NH subtropics
(Montzka et al., 2009) could affect both the estimates of 𝜏c from observations and in models; as we have
already seen, significant discrepancies between the observation-based and model-derived 𝜏c of HCFC-22, for
example, 18 ± 2 years in Holzer and Waugh (2015) versus 13 years for the simple model in the LTSE box.

Even for where the 𝜏c parameterization is valid, the most important uncertainty that limits our conclusions
regarding its utility for constraining tropical OH is the degree of realism that the simple 12-box model is able
to provide. In particular, it is not clear how realistic the modeled relationship between 𝜏c and tropical OH is
and whether it can simply be applied to observational estimates of 𝜏c. In addition, an equatorward shift of the
sources (e.g., HCFCs in Montzka et al., 2009), significant sinks other than reaction with OH (e.g., stratospheric
photolysis accounts for 10% of the loss of MCF), and many other poorly represented processes in the simple
model could potentially all contribute to the breakdown of the quasi-linear 𝜏c versus tropical OH relationship.
This is especially true for constraining the absolute value of tropical OH but may be less of an issue for con-
straining temporal changes in tropical OH from temporal changes in 𝜏c. There is currently a lot of uncertainty
in the interannual variations/decadal changes of OH (Turner et al., 2017), but the information contained in the
time variations of reactive trace gases measured in the SH extratropics has yet to be exploited. Our findings
here suggest a method for doing so by determining the time dependence of 𝜏c from observations.

For 𝜏c to provide useful constraints on tropical OH, it is necessary to determine 𝜏c with sufficient precision. The
uncertainties of the 𝜏c estimates of Holzer and Waugh (2015) ranged from about 10% to 25% depending on
the tracer, which limits their usefulness for constraining tropical OH. However, these uncertainties were esti-
mated very conservatively assuming a broad ensemble of prior TTDs and included seasonal and interannual
variations of 𝜏c. More realistic assumptions on the likely variations in tropospheric transport, and exploiting
the fact that the 𝜏c of different tracers exhibit common interannual variations, will likely allow for a reduction
in uncertainty. Specifically, the 12-box model calculations show that the 𝜏c of all tracers have very similar sen-
sitivity to OH, and thus, averaging estimates from multiple tracers may help to reduce the uncertainty. This is
similar to the findings by Liang et al. (2017) that a suite of tracers could potentially serve as an alternative to
MCF for estimating future changes in tropospheric OH given the dramatic decrease in MCF abundance since
the Montreal Protocol was enacted. Furthermore, Holzer and Waugh (2015) considered only data from three
surface stations; data from more recent aircraft campaigns (e.g., the High-performance Instrumented Airborne
Platform for Environment Research Pole-to-Pole Observation, Wofsy, 2011) that sample from near the surface
into the upper troposphere may allow spatial averaging of 𝜏c for more accurate estimates. It is therefore pos-
sible that future estimates of the time variations of 𝜏c and/or its spatial averages will have sufficient precision
to place new constraints on the oxidizing capacity of the troposphere.
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