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Abstract Carbon-concentration feedbacks and carbon-climate feedbacks constitute one of the largest
sources of uncertainty in future climate. Since the beginning of the modern atmospheric CO2 record,
seasonal variations in CO2 have been recognized as a signal of the metabolism of land ecosystems, and
quantitative attribution of changes in the seasonal cycle amplitude (SCA) of CO2 to ecosystem processes
is critical for understanding and projecting carbon-climate feedbacks far into the 21st Century. Here the
impact of surface carbon fluxes on the SCA of CO2 throughout the Northern Hemisphere troposphere is
investigated, paying particular attention to isentropic transport across latitudes. The analysis includes both
a chemical transport model GOES-Chem and an idealized tracer in a gray-radiation aquaplanet. The results
of the study can be summarized by two main conclusions: (1) the SCA of CO2 roughly follows surfaces
of constant potential temperature, which can explain the observed increase in SCA with latitude along
pressure surfaces and (2) increasing seasonal fluxes in lower latitudes have a larger impact on the SCA of
CO2 throughout most of the troposphere compared to increasing seasonal fluxes in higher latitudes. These
results provide strong evidence that recently observed changes in the SCA of CO2 at high northern latitudes
(poleward of 60∘N) are likely driven by changes in midlatitude surface fluxes, rather than changes
in Arctic fluxes.

1. Introduction and Motivation

Carbon-concentration feedbacks and carbon-climate feedbacks constitute one of the largest sources of uncer-
tainty in future climate [Gregory et al., 2009]. Land CO2 uptake by ecosystem production is enhanced by CO2

fertilization [Luo et al., 2006], but CO2 release due to decomposition is enhanced by warming [Hopkins et al.,
2012]. Changes in nutrient cycling [LeBauer and Treseder, 2008] and land use [Shevliakova et al., 2009] alter
seasonal and long-term carbon storage on land. Long-term warming and drought also change the distribu-
tion of vegetation [Cramer et al., 2001] and may contribute to substantial losses of carbon from biomass in
forests [Cox et al., 2004] and permafrost [Schuur et al., 2013]. Terrestrial carbon cycle models show substan-
tial differences in the magnitude and (at times) sign of the impact that these various ecosystem processes
have had over recent decades on the atmospheric CO2 budget [Huntzinger et al., 2013; Fisher et al., 2014b; Tian
et al., 2015]. Uncertainty in the future of carbon-climate feedbacks on land accounts for more than 2 W/m2 of
radiative forcing given identical top-of-atmosphere forcing among coupled carbon-climate models used in
the Fifth Assessment of the Intergovernmental Panel on Climate Change [Arora et al., 2013; Wenzel et al., 2014;
Hoffman et al., 2014].

The seasonal cycle of near-surface CO2 from the NOAA Marine Boundary Layer Reference data set (see
section 2.1 for details) is shown in Figure 1a and exhibits enhanced concentrations in the cool season due
to soil respiration and decreased concentrations in the warm season due to net uptake by the biosphere.
Quantitative attribution of changes in the seasonal cycle amplitude (SCA; peak to trough differences in
Figure 1a) of CO2 to ecosystem processes is critical for testing models of carbon-climate feedback in the 21st
century. Since the beginning of the modern atmospheric CO2 record, seasonal variations have been recog-
nized as a signal of the metabolism of land ecosystems [Keeling, 1960]. The quantitative relationship between
SCA and its underlying biological drivers has been studied using tracer transport models since the 1980s
[Pearman and Hyson, 1980; Fung et al., 1983, 1987; Randerson et al., 1997]. The SCA of CO2 has been increasing
for decades across the Northern Hemisphere, and this amplification has long been attributed to intensification

RESEARCH ARTICLE
10.1002/2016JD025109

Key Points:
• The seasonal cycle amplitude (SCA)

of CO2 roughly follows isentropic
surfaces

• Changes in lower-latitude seasonal
fluxes impact the SCA more than
changes in higher-latitude fluxes

• The seasonality of the circulation can
account for 10–20% of the SCA of an
idealized CO2 tracer

Correspondence to:
E. A. Barnes,
eabarnes@atmos.colostate.edu

Citation:
Barnes, E. A., N. Parazoo, C. Orbe,
and A. S. Denning (2016), Isen-
tropic transport and the seasonal
cycle amplitude of CO2, J. Geo-
phys. Res. Atmos., 121, 8106–8124,
doi:10.1002/2016JD025109.

Received 16 MAR 2016

Accepted 18 JUN 2016

Accepted article online 25 JUN 2016

Published online 12 JUL 2016

©2016. American Geophysical Union.
All Rights Reserved.

BARNES ET AL. SEASONAL CYCLE AMPLITUDE OF CO2 8106

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2016JD025109


Journal of Geophysical Research: Atmospheres 10.1002/2016JD025109

Figure 1. NOAA Marine Boundary Layer Reference 2009–2013 zonally averaged CO2 (a) seasonal cycle and (b) seasonal
cycle amplitude as a function of latitude.

of carbon metabolism on land [Bacastow and Keeling, 1981]. More recently, a number of studies have argued
that the amplification of the seasonal cycle of CO2 at high-latitude stations and from aircraft sampling reflects
a response of northern ecosystems to climate change [Graven et al., 2013; Forkel et al., 2016] or to enhanced
agricultural productivity [Gray et al., 2014; Zeng et al., 2014]. Models of changes in carbon cycling in boreal and
Arctic ecosystems are especially divergent [Fisher et al., 2014a], which has led to a strong research emphasis
on detailed regional measurements of atmospheric carbon budgets [Miller and Dinardo, 2012].

Attribution of changes in SCA to ecological processes in specific regions requires quantitative treatment of
atmospheric transport. The observed SCA increases almost monotonically with latitude (see Figure 1b), yet
biological productivity has a maximum in the midlatitudes (roughly 30∘N–60 ∘N). Regional CO2 budgets
based on drawdown or sources in the atmospheric boundary layer show substantial effects of meridional
advection [Bakwin et al., 2004; Helliker et al., 2004]. Meridional CO2 transport by synoptic weather disturbances
is systematically correlated with ecosystem metabolism on land [Parazoo et al., 2008; Hurwitz et al., 2004] and
is acknowledged to play a critical role in determining the seasonal cycle at high latitudes (roughly poleward of
60∘N) [Fung et al., 1983; Parazoo et al., 2011]. Attempts to construct regional carbon budgets for high-latitude
ecosystems using observations of atmospheric carbon tracers [Chang et al., 2014; Henderson et al., 2015; Karion
et al., 2015] require detailed specification of meridional advective fluxes through lateral boundary conditions.
Much of this synoptic transport is along surfaces of constant potential temperatures (“isentropic trans-
port”), but diabatic processes such as condensation and radiation can also be important in the troposphere
[Crawford et al., 2003; Barth et al., 2007; Miyazaki et al., 2008; Pauluis et al., 2010]. Atmospheric transport by syn-
optic weather systems is systematically hidden by clouds from space-based observing systems and thus can
lead to mischaracterization of seasonal cycles [Corbin et al., 2009].
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In this paper, we explore the fundamental relationships between surface carbon fluxes and atmospheric trans-
port that can explain the seasonal cycle amplitude of CO2 throughout the troposphere, paying particular
attention to isentropic transport across latitudes. Our analysis includes both a widely used transport model
derived from meteorological reanalysis and a much simpler moist aquaplanet that can also capture the rele-
vant dynamics. We explore the effect of both surface fluxes and transport to isolate contributions of different
latitudes and transport processes to the SCA of CO2.

2. Data and Experimental Design
2.1. NOAA Marine Boundary Layer Reference
Figure 1 displays results from the National Oceanic and Atmospheric Administration (NOAA) Greenhouse Gas
Marine Boundary Layer Reference data set [Dlugokencky et al., 2015]. This data product is derived from weekly
air samples from the NOAA Earth System Research Laboratory Carbon Cycle Cooperative Global Air Sampling
Network and is smoothed in time and interpolated in space to produce a weekly zonally averaged data set
of near-surface CO2 as a function of time and latitude. To be consistent with the model simulations, we only
analyze 2009–2013, although we have confirmed that using the entire record of 1979–2014 produces similar
results.

2.2. GEOS-Chem
GEOS-Chem is a global 3-D chemical transport model for atmospheric composition that uses GEOS (Goddard
Earth Observing System) assimilated meteorological fields from the NASA Global Modeling and Assimilation
Office to simulate global atmospheric composition, including CO2 [Bey et al., 2001]. Dynamics include hori-
zontal and vertical advection, turbulent diffusion, and moist convection. We use the CO2 mode which ignores
chemistry but contains atmospheric CO2 fields. GEOS-Chem has been used extensively in studies of atmo-
spheric CO2 and quantitative attribution of surface carbon fluxes and compares well against a range of surface,
airborne, and satellite CO2 observations [e.g., Parazoo et al., 2013; Wunch et al., 2013; Messerschmidt et al., 2013;
Nassar et al., 2010].

2.3. Land Surface Fluxes
Monthly biological CO2 flux is simulated using the Community Land Model version 4.5 (CLM) [Oleson et al.,
2013] using an experimental setup as described in Le Quéré et al. [2015]. CLM is forced by time-varying reanal-
ysis meteorology taken from the combined Climatic Research Unit and National Center for Environmental
Prediction data set, which merges high-frequency variability from the National Centers for Envornmental
Prediction-National Center for Atmospheric Research analysis [Kalnay et al., 1996] with the monthly mean
climatologies from the Climatic Research Unit (CRU) temperature and precipitation data sets [Harris et al.,
2014]. Monthly fossil fuel emissions are taken from Open-source Data Inventory of Anthropogenic CO2(ODIAC)
[Oda and Maksyutov, 2011] and averaged over 2009–2013 to isolate the sensitivity of atmospheric CO2 fields
to seasonal biosphere exchange. We use GEOS-Chem version v9-01-01 with GEOS-5 fields on a 2∘ × 2.5∘ grid
(latitude × longitude) with 47 vertical layers. Simulations are spun up from 2000 to 2008 to establish hemi-
spheric gradients. The experiments based on GEOS-Chem and CLM are described in more detail in Parazoo
et al. [2016]. As we will demonstrate, the modeled CO2 seasonal cycle from our GEOS-Chem/CLM setup
compares well with that from the NOAA Marine Boundary Layer Reference data set.

Figure 2 depicts the zonally integrated CO2 fluxes from the land surface to the atmosphere as a function of
latitude and month averaged over the 2009–2013 period from CLM and ODIAC. On average, the land is a net
source of CO2 to the atmosphere (6.54 Pg C yr−1), contributing 9.21 Pg C yr−1 from fossil fuels and removing
2.67 Pg C yr−1 from the atmosphere through biosphere uptake. However, biosphere fluxes are strongly sea-
sonal. In the winter, the biosphere is a net CO2 source driven by soil respiration, as denoted by the positive
fluxes (warm colors). In the summer, the biosphere is a net CO2 sink driven by photosynthesis, as denoted
by the negative fluxes (cool colors). Fossil fuel emissions are positive all year, leading to a slightly enhanced
winter source and reduced summer sink.

We note that GEOS-Chem simulations also include a CO2 flux term that accounts for air-sea exchange over
the oceans [Takahashi et al., 2009], which removes an additional 1.43 Pg C yr−1 from the atmosphere, reduc-
ing total source emissions to 5.11 Pg C yr−1. Although absorption by the ocean reduces the rate of increase of
atmospheric CO2 concentration, our analysis removes all long-term trends. Furthermore, ocean uptake does
not have strong seasonality compared to land fluxes. The ocean is therefore not expected to impact our inter-
pretation of the climatological seasonal cycle, and as discussed below is not included in simulations with the
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Figure 2. Annual average seasonal cycle of the surface fluxes of CO2 as a function of latitude for 2009–2013 as
simulated by CLM.

idealized general circulation model (GCM). We finally note that simplifications have been made when cou-
pling CLM to GEOS-Chem, for example, not including the diurnal cycle of the fluxes. However, the purpose
of this study is to explore fundamental dynamical transport mechanisms, and as we will show, the relevant
transport pathways are well captured by the GEOS-Chem and idealized model simulations.

2.4. Idealized GCM
We use the gray-radiation aquaplanet general circulation model (GCM) described in Frierson et al. [2006]. The
model physics includes gray radiative transfer such that water vapor has no effect on the radiative fluxes but
can still influence the climate through latent heating and cooling. There are no clouds in this model, and radia-
tive fluxes are a function of temperature only. The surface is a slab mixed layer ocean that is zonally symmetric
(i.e., no topography). As in Frierson et al. [2006], we run the model without a convective parameterization using
large-scale condensation only. All parameters are defined as in Frierson et al. [2006] except that their model
configuration did not include a seasonal cycle. Thus, we simulate a seasonal cycle by varying the insolation
as a function of the day of the year, using a 360 day calendar. Details of this procedure are provided in the
appendix. The model is run at a horizontal resolution of T42 with 25 vertical levels and a time step of 900 s.
The model does not simulate a realistic stratospheric circulation, which is intentional on our part, as we wish
to focus exclusively on the tropospheric transport component of the SCA of the idealized tracers.

The aim of this study is to explore the fundamental relationship between the seasonal surface carbon fluxes
and the tropospheric transport pathways that drive the seasonal cycle amplitude of CO2 throughout the tro-
posphere. The idealized model is an excellent tool for studying these basic transport mechanisms as it isolates
the fundamental dynamics by removing many of the additional complexities of the real world. As we will
show, even with these simplifications, the idealized model captures the observed seasonal behavior of CO2

and thus is used to study the mechanisms responsible.

2.5. Tracer Setup
An idealized tracer is added to the gray aquaplanet, with surface sources and sinks driven by the monthly sur-
face fluxes depicted in Figure 2. Specifically, the sources and sinks of the tracer are confined to the bottom
layer of the model, are zonally symmetric, and are added (or subtracted) to each air parcel that enters the bot-
tom boundary. The model integrates the tracer in units of mixing ratio, and so, the fluxes were converted into
a mixing ratio per time step before being input into the model. Note that converting from a flux to a mixing
ratio requires calculating the mass of air in the bottom model layer. Since our model has no topography, we
have confirmed that the results are for all purposes identical if one assumes a constant mass of the bottom
layer of the model, which is done here for simplicity. The idealized tracer is initialized at the start of the simula-
tion and is integrated using a Lin-Rood semi-Lagrangian scheme [Lin and Rood, 1996] for horizontal advection
and a finite-volume parabolic scheme for the vertical advection [Lagenhorst, 2005], with no explicit diffusion
applied to the tracer. The model is integrated with a global “mass fixer” to ensure that the global tracer mass
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Figure 3. (a) The zonal mean concentration of the idealized tracer as a function of time at 60∘N. (b) The climatological
mean seasonal cycle of the idealized tracer at 60∘N. The dashed line denotes the smoothed cycle (see text for details),
and the circles denote the maximum (red) and minimum (blue) of the smoothed curves.

remains unchanged after every application of the advection operator (before the addition/removal by the
surface source). This idealized tracer is identical to that used by Orbe et al. [2013] in a dry version of a similar
idealized GCM but with different sources and sinks.

Integrating the fluxes in Figure 2 over an entire year yields a positive total flux driven by fossil fuel emissions.
This drives a linear increase in the tracer with time. Our results are insensitive to this increase, and all of the
subsequent analysis is performed on the detrended time series, as shown in Figure 3a for the zonally averaged
tracer at 60∘N for two different pressure levels. A seasonal cycle is evident in Figure 3a, with the seasonal cycle
amplitude (peak to trough) being larger at 750 hPa (purple) compared to 350 hPa (green). The details of this
seasonal cycle will be the focus of the analysis in the subsequent sections.

Our goal is to study the transport pathways that determine the overall structure of the SCA of CO2 through-
out the troposphere. Thus, to easily compare the structure of the SCA between the idealized model and
GEOS-Chem simulations, rather than the actual magnitudes which differ due to the different model setups
and assumptions, we scale all of the idealized tracer concentrations in the idealized simulations by a single
value to easily compare them with those from GEOS-Chem. The scaling value used is the SCA at 50∘N and
750 hPa in the GEOS-Chem Control simulation, so that the idealized model and GEOS-Chem have the same
SCA at this location, and thus, their relative variations with latitude can be easily compared. We note that our
conclusions do not change if a different location is used to define the scaling.

2.6. Experiments
Five experiments were explored with the idealized aquaplanet. Each experiment is composed of 54 year simu-
lations with the first 4 years discarded for spin-up leaving 50 years for analysis. A summary of each experiment
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Table 1. Idealized Aquaplanet Tracer Experiments

Name Description

Control The atmosphere exhibits a seasonal cycle and the idealized tracer sources

and sinks are as shown in Figure 2.

Equinox As in Control, except the atmosphere is held at Equinox conditions

(i.e., no seasonal cycle) while the seasonality of the fluxes is maintained.

ArcticOff As in Control, except the fluxes at and poleward of 60∘N are set to zero.

AddMaxMin 30∘N As in Control, except the tracer fluxes are perturbed by 0.05 gC/m2/dy in the months

of their maximum and minimum fluxes at 30∘N.

AddMaxMin 40∘N As in AddMaxMin 30∘N except for fluxes at 40∘N.

AddMaxMin 50∘N As in AddMaxMin 30∘N except for fluxes at 50∘N.

AddMaxMin 60∘N As in AddMaxMin 30∘N except for fluxes at 60∘N.

AddMaxMin 70∘N As in AddMaxMin 30∘N except for fluxes at 70∘N.

is given in Table 1 with the details described in the following subsections. All simulations but the Equinox sim-
ulation have identical circulations at all time steps since we initialized all simulations in the same way. Thus,
the atmospheric flow field evolves in exactly the same way with only the passive tracer concentrations dif-
fering across simulations. This is not the case for the Equinox simulation, as the circulation is modified by the
lack of a seasonal cycle (to be discussed).
2.6.1. Control
The Control simulation has a seasonal cycle in the atmosphere, determined by the dynamic and thermody-
namic response to changes in insolation. The monthly tracer sources and sinks are as defined in Figure 2.
2.6.2. Equinox
The Equinox simulation removes the seasonal cycle of the circulation by setting the insolation equal to its
equinoctial value. However, in this simulation, the tracer surface fluxes still evolve seasonally as in Figure 2.
Thus, the seasonality of the atmospheric circulation is removed, while the seasonality of the fluxes is main-
tained. This setup allows us to quantify the role of the seasonality of the circulation in driving seasonality in
the idealized tracer.
2.6.3. ArcticOff
The ArcticOff simulation is identical to the Control except the Arctic fluxes (i.e., both sources and sinks) at 60∘N
and poleward are set to zero. This simulation is designed to quantify the role of Arctic surface fluxes in driving
the tracer seasonal cycle throughout the troposphere.
2.6.4. AddMaxMin
One point of interest here is how a small change in the tracer source and sink at one latitude can impact
the SCA of the tracer at another latitude and altitude. Thus, the AddMaxMin experimental setup is simulated
5 times—once for a perturbation at each of the following five latitudes: 30∘N, 40∘N, 50∘N, 60∘N, and 70∘N.
Specifically, we increase the surface flux at the relevant latitude by 0.05 gC/m2/d in the month of maximum
source and decrease the surface flux at each latitude by 0.05 gC/m2/d in the month of maximum sink (i.e., the
month of minimum fluxes). Thus, while there is no net increase in annual tracer flux, this perturbation intro-
duces a small enhancement of the preexisting seasonal cycle of the tracer emissions. This process is depicted
in Figure 4, where we plot the seasonal cycle of surface fluxes at each of the five latitudes, and the filled circles
denote the months of maximum and minimum fluxes. Note the y axis, which ranges from−1.0 to 0.5 gC/m2/d,
highlighting that a perturbation of±0.05 gC/m2/d is small. This experiment results in five different simulations
and will be used to discuss the relative importance of changes in the seasonal cycle of emissions at different
latitudes in driving changes in the SCA throughout the troposphere.

We note that one could instead perturb the fluxes during the same 2 months (rather than at the seasonal
cycle extrema) for each simulation. However, given the different phasing of the seasonal cycle at the different
latitudes (Figure 4), this can result in an attenuation or even a reversal of the seasonal cycle for some latitudes
while amplifying the seasonal cycle at other latitudes. Furthermore, recently observed changes in the SCA of
CO2 take the form of an amplification of the present-day seasonal cycle [e.g., Graven et al., 2013, Figure 2],
and thus perturbing the fluxes at their seasonal maximum and minima is most relevant to this study.
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Figure 4. Surface fluxes of the idealized tracer showing the maximum and minimum months. See text for additional
details.

Finally, we note that Keppel-Aleks et al. [2011] performed similar experiments to explore the response of the
total-column SCA to perturbations of surface fluxes at different latitudes except that they scaled each lati-
tude’s perturbation so that the Northern Hemisphere net primary production increased by 25% in every case.
We have intentionally used a fixed flux perturbation (i.e., ±0.05 gC/m2/d) to test how the SCA may respond if
each meter squared of biosphere underwent the same physical change at each of the five latitudes.

2.7. Calculation of the Seasonal Cycle Amplitude (SCA)
It is evident from Figure 3a that the tracer exhibits a strong seasonal cycle and that the seasonal cycle ampli-
tude varies throughout the troposphere. We quantify the SCA by calculating the smoothed climatological
seasonal cycle of the zonally averaged tracer concentrations at every pressure level and latitude. Figure 3b
shows an example of this seasonal cycle at 60∘N for the lower troposphere (750 hPa; purple) and the upper tro-
posphere (350 hPa; green). The solid lines in Figure 3b denote the raw curves, and the dashed lines denote the
curves smoothed with a moving average window of length 31 days applied forward and backward. The red
and blue dots denote the maximum and minimum concentrations, respectively, over the smoothed seasonal
cycle at each point, and the SCA is defined as the difference between these extrema.

3. Results
3.1. Control Simulation
The 50 year mean anomalous March tracer concentrations, defined as the deviation from the 50 year annual
mean, are shown in Figure 5a for the Control simulation of the idealized aquaplanet. March is chosen because
late winter/early spring is when the tracer concentrations are largest throughout the troposphere, consistent
with the timing of when the winter time source has had time to build up tropospheric concentrations, but
the surface sink has not yet appeared (see Figure 2). The March circulation is also representative of the cool
season circulation when poleward isentropic transport by the storm tracks is strongest. The concentrations
are largest near the surface, peaking slightly poleward of the maximum surface source during this month
(red rectangles), and decrease as one moves away from the surface. Lines of constant potential tempera-
ture (isentropes) are plotted as thick black lines. It is evident that the tracer concentrations roughly follow
these isentropic surfaces, sloping upward and poleward, which is expected since isentropic transport by the
winter time midlatitude storm track is known to be an important pathway for the poleward transport of
CO2 [Miyazaki et al., 2008; Parazoo et al., 2011; Keppel-Aleks et al., 2012] and other atmospheric constituents
[e.g., Klonecki et al., 2003; Stohl, 2006]. We do note, however, that the concentrations do not align exactly
with the dry isentropes due to cross-isentropic transport induced by, for example, diabatic heating within the
midlatitude storm tracks [e.g., Klonecki et al., 2003; Parazoo et al., 2011]. To support the use of such an ide-
alized model in properly simulating the transport of CO2, Figure 5b shows the same anomalous March CO2

concentrations from GEOS-Chem. While small differences can certainly be found, the general observation
that the CO2 concentrations peak near the surface just poleward of the maximum source and that the CO2

concentrations slope upward and poleward are clearly evident in both models.
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Figure 5. The anomalous March concentration of (a) the tracer in the idealized model and (b) CO2 in GEOS-Chem.
Black lines denote the March isentropes. Rectangles at the lowest level represent the March source at that latitude.

Our interest here is the seasonality of tracer concentrations, and so Figure 6a shows the smoothed climato-
logical seasonal cycle of the idealized tracer at 750 hPa in three different latitude bands: the subtropics (30∘N),
the midlatitudes (50∘N), and the Arctic (70∘N). In a broad sense, the concentration of the tracer at each of the
three locations follows a similar seasonal progression, peaking in the late winter/early spring and reaching a
minimum in late summer. However, closer inspection reveals that the amplitude of the seasonal cycle is small-
est for the most equatorward location (30∘N; dotted line) and largest for the most poleward location (70∘N;
dashed line), with the summer minimum occurring later in the season for 30∘N. Such behavior is also seen in
the observations (compare Figure 6a and Figure 1a), providing confidence in the model’s ability to capture
the relevant aspects of the seasonal cycle of CO2. To explore this further, we compute the SCA at each latitude
band at four different pressure levels in the idealized model and plot the SCA in Figure 6b as a function of lat-
itude. The dashed gray line denotes the seasonal cycle amplitude of the surface fluxes (Figure 2). Although
the seasonal amplitude of the surface fluxes peaks near 55∘N and is close to zero at higher latitudes, the SCA
of the tracer throughout the troposphere increases monotonically as one moves to higher and higher lati-
tudes (Figure 6b; 750 hPa, 550 hPa, and 350 hPa). Near the surface at 850 hPa, and thus near the tracer source
and sink, the SCA increases with latitude until around 65∘N, where it begins to decrease slightly (as will be
discussed, this decrease at high latitudes is also seen at 850 hPa in GEOS-Chem; Figure 10b). As discussed in
section 1, this general increase in SCA with latitude throughout the troposphere is a well-known aspect of
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Figure 6. (a) The seasonal cycle of the idealized tracer at 750 hPa and (b) the seasonal cycle amplitude as a function of
latitude in the Control simulation. The dashed gray line in Figure 6b denotes the seasonal amplitude of the surface
fluxes scaled to arbitrary units for visualization purposes only.

observed CO2 concentrations (compare to Figure 1b) and is in stark contrast to the seasonal amplitude of the
surface emissions which peak in midlatitudes. Thus, even though the model is an idealized aquaplanet, e.g.,
no clouds, no topography, no dynamic biosphere, the seasonal cycle amplitude of the idealized CO2 tracer
increases with latitude as it does in the observations (Figure 1b) and in GEOS-Chem (to be discussed). We will
use these idealized simulations to explore why this might be the case.

3.2. Isentropic Transport and the SCA
Figure 6b demonstrates that the SCA generally increases with latitude along four different pressure surfaces. It
is thus informative to visualize the SCA at all points throughout the troposphere, and this is shown in Figure 7a,
where the colors denote the SCA at each latitude and altitude. Note that horizontal cross sections of Figure 7a
produce the curves shown in Figure 6b. As was the case for the concentrations (Figure 5), the SCA is largest
near the surface and decreases upward for a fixed latitude (as we also saw in Figure 3b at 60∘N). But, more
importantly, contours of SCA do not lie horizontally along pressure surfaces but rather curve upward and
poleward. Thus, not only is the tracer being transported along isentropes but also is the seasonality.

As an example, consider the surface fluxes near 30∘N. These fluxes drive a particular seasonality in the tracer
concentrations there. This seasonality is transported along the 290 K isentrope and thus is transported to the
upper troposphere (350 hPa) by the time it reaches Arctic latitudes. This can be seen more clearly in Figure 8a,
where we plot the smoothed climatological seasonal cycle of the tracer along the 290 K isentrope, rather
than along a pressure surface. From this viewpoint, the seasonal cycle and its amplitude are nearly identical
across all three latitudes. Furthermore, plotting the 290 K SCA in Figure 8b (blue line) shows that the SCA no
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Figure 7. Seasonal cycle amplitude of (a) the tracer in the idealized model and (b) CO2 in GEOS-Chem. Black lines
denote the March isentropes. Rectangles at the lowest level represent the average source (red) and sink (blue)
throughout the year at that latitude.

longer increases with latitude but rather is nearly constant as expected from Figure 7. The 285 K isentrope
(red) also exhibits nearly constant SCAs of the tracer for all latitudes. The constant SCA with latitude begins to
breakdown for the tracer along the 280 K isentrope (yellow) as this isentropic surface is located in the lower
troposphere at high latitudes where cross-isentropic sinking of the tracer (and its seasonality) due to radiative
cooling becomes important [e.g., Klonecki et al., 2003; Miyazaki et al., 2008].

The fact that the tracer, and thus its seasonality, is transported to high latitudes along isentropic surfaces can
account for why the SCA of the tracer increases with latitude along pressure surfaces. Due to the upward
and poleward transport of CO2 along isentropic surfaces, the SCA in the high latitudes is a reflection of the
tracer’s surface fluxes farther equatorward. Thus, even though the surface fluxes near the pole are zero, the
largest SCAs are found in the high-latitude troposphere since they correspond to isentropes that intersect
the midlatitude surface in the vicinity of the maximum surface flux seasonality (e.g., 55∘N).

For further support, Figure 7b shows the SCA of CO2 from GEOS-Chem. While our idealized model has no conti-
nents or topography and fully determines its own dynamics, GEOS-Chem advects CO2 according to reanalysis
winds and thus includes all of the complexity of the real-world circulation. Comparing the SCAs from the
idealized aquaplanet with the GEOS-Chem reveals very similar behavior of the seasonal cycle amplitude,
with the SCA sloping up and poleward along isentropic surfaces. GEOS-Chem does exhibit stronger diabatic

BARNES ET AL. SEASONAL CYCLE AMPLITUDE OF CO2 8115



Journal of Geophysical Research: Atmospheres 10.1002/2016JD025109

Figure 8. (a) The seasonal cycle of the idealized tracer along the 290 K isentropic surface and (b) the seasonal cycle
amplitude along isentropic surfaces in the Control simulation. Isentropic surfaces are defined along their March
climatological location (see text for details).

subsidence at high latitudes compared to the idealized model, likely due to the larger radiative cooling asso-
ciated with extremely cold temperatures over land in winter. Along with the more horizontal isentropes in
GEOS-Chem compared to the idealized model, it is likely that the SCA of CO2 in high latitudes is even more
influenced by lower latitude fluxes in GEOS-Chem. That is, the surface fluxes at 30∘N are transported to 450 hPa
over the Arctic in GEOS-Chem, rather than 350 hPa in the aquaplanet. The overall agreement between the ide-
alized model and GEOS-Chem, however, provides strong evidence that the surface fluxes in the Arctic region
(e.g., poleward of 60∘N) are not required for the SCA to increase with latitude along pressure surfaces. We will
further test this hypothesis in the following section.

3.3. Arctic Versus Midlatitude Drivers
We next quantify the role of the Arctic surface fluxes in driving the seasonal cycle of the tracer throughout the
high latitudes. We will demonstrate that while these fluxes certainly play a role, it is the midlatitude surface
fluxes that drive the majority of the high-latitude seasonal cycle all throughout the troposphere.

To quantify the importance of Arctic surface fluxes, we ran an additional simulation, termed ArcticOff, where
the Arctic surface fluxes (both sources and sinks) were set to zero. Figure 9a shows the SCA of the idealized
tracer in this simulation. The SCA is smaller in the ArcticOff simulation compared to the Control (Figure 7a),
as one might expect due to the absence of Arctic surface fluxes. However, the main point is that the struc-
ture of the SCA is the same between the Control and ArcticOff simulations, with lines of constant amplitude
roughly following isentropic surfaces. It is evident that taking an isobaric slice (along a pressure surface) of
Figure 9 will lead to increasing SCA with latitude, and these profiles are shown in Figure 10a as dashed lines
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Figure 9. Seasonal cycle amplitude of (a) the tracer in the idealized model and (b) CO2 in GEOS-Chem in the ArcticOff
simulations where Arctic surface fluxes are turned off. Black lines denote the March isentropes. Rectangles at the lowest
level represent the average source (red) and sink (blue) throughout the year at that latitude.

(the Control is shown in solid lines for comparison). For the ArcticOff simulation, the SCA increases with lati-
tude for all four pressure surfaces, except 850 hPa where it levels off around 55∘N. Thus, a main finding is that
the increase in SCA with latitude does not require Arctic surface fluxes at all. Comparing the ArcticOff SCAs
(dashed lines) with those from the Control (solid lines) in Figure 10a, we find that the Arctic surface fluxes
account for less than 40% of the SCA above 900 hPa at all latitudes.

To provide further support, we have performed the same ArcticOff simulation with GEOS-Chem. Figures 9b
and 10b show the SCA from GEOS-Chem as done for the idealized aquaplanet. The results are very similar
and also show that Arctic surface fluxes account for less than 35% of the SCA away from the surface when
CO2 is advected by the reanalysis winds in GEOS-Chem. The similarities in structure between the SCA in the
idealized aquaplanet and GEOS-Chem further suggest that the idealized framework is capable of capturing
the relevant transport.

While our previous findings demonstrate that the majority of the SCA at high latitudes is driven by surface
fluxes at lower latitudes, they do not reveal the relative importance of changes in the fluxes at the midlati-
tude surface versus changes in the fluxes at the high-latitude surface. Thus, we perform an additional set of
simulations, AddMaxMin, where we increase the magnitude of the surface fluxes (both the source and sink) at
a single latitude to simulate a trend in the seasonal cycle amplitude of the surface fluxes without changing the
net annual surface flux. Specifically, we enhance the seasonal cycle of emissions at 30∘N–70∘N by perturbing
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Figure 10. Comparison of the seasonal cycle amplitude of (a) the tracer in the idealized model and (b) CO2 in
GEOS-Chem for the Control and ArcticOff simulations.

the fluxes by a fixed amount (specifically, ± 0.05 gC/m2/d) in the months with the maximum and minimum
fluxes (as depicted in Figure 4). Note that the flux perturbations are not defined as a fractional change but
rather are constant across simulations, in order to test each latitude consistently.

The resulting changes in the SCA at 350 hPa, 550 hPa, and 850 hPa are plotted in Figure 11. The five colored
lines correspond to the amplitude change for the five different simulations where the fluxes at five different
latitudes (colored rectangles) were perturbed. SCA changes for all perturbations at all latitudes are positive in
Figure 11 indicating that increasing the seasonal cycle of the emissions increases the SCA of the tracer every-
where. However, the differences between the five simulations indicate that changes in the surface emissions
at some latitudes are more important than changes at other latitudes. Specifically, in the upper (350 hPa)
and middle troposphere (550 hPa)(Figures 11a and 11b), emission changes at 30∘N (blue) and 50∘N (green)
dominate the changes in SCA at most northern latitudes, including the Arctic. Even near the surface at 70∘N
(the latitude of Barrow, Alaska; Figure 11c), the tracer SCA is more sensitive to an increase in seasonal fluxes
at 30∘N (blue) than 60∘N (red).

To quantify the relative importance of these perturbations throughout the entire troposphere, we plot in
Figure 12 the latitude perturbation which results in the largest change in SCA. Perturbations at 30∘N (blue)
and 50∘N (green) have the largest impact on the SCA at nearly all locations, with perturbations at 40∘N
(yellow) and 60∘N (red) making prominent contributions at select locations. We caution that the dominance
of flux changes at 50∘N in the subtropical middle to upper troposphere should not be overinterpreted, as they
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Figure 11. Change in the seasonal cycle amplitude driven by perturbations in the surface source/sink at individual
latitudes (i.e., the AddMaxMin experiment) at different pressure levels. More positive values imply a larger SCA compared
to the Control simulation and thus a larger influence by perturbations at that latitude. See text for additional details.

reflect only a marginally larger impact of 50∘N compared to 30∘N or 40∘N (see Figures 11a and 11b). Changes
in the surface fluxes at 70∘N (orange) dominate the SCA near the Arctic surface but are not the most impor-
tant contributor above 800 hPa. Put another way, a change in midlatitude surface fluxes will drive a larger
response in the SCA than an equivalent change in Arctic surface fluxes at nearly all points in the troposphere.
Finally, note that the influence of the 30∘N perturbations (blue) slope poleward and upward, highlighting the
role of isentropic transport in transporting these perturbations throughout the troposphere.
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Figure 12. The latitude that most increases the seasonal cycle amplitude at each latitude/pressure point when the
surface source/sink is perturbed in the months with the maximum and minimum source and sink, respectively. See text
for additional details. Black lines denote the March isentropes.

The experimental design of the AddMaxMin simulations takes into account the larger area at lower latitudes
compared to higher latitudes by defining the perturbation in terms of flux per meter squared. However, in the
Northern Hemisphere, land is not distributed equally across latitude bands, but rather, the fraction of land at
high latitudes is larger than the fraction at lower latitudes. Taking the fractional area that is land into account
(using values Hartmann [1994, Figure 1-12]) leads to similar conclusions as found in Figure 12, except that
contributions from 50∘N dominate the tropospheric sensitivity, and the dominating influence of emissions
changes at 70∘N is felt at slightly higher altitudes (i.e., up to 650 hPa; not shown).

The results of this section can be summarized by two main conclusions. (1) The majority of the seasonal cycle
amplitude of CO2 at high latitudes is driven by fluxes outside of the Arctic (e.g., Figure 9 and Figure 10).
(2) The seasonal cycle amplitude is most sensitive to changes in the seasonality of midlatitude surface emis-
sions throughout most of the troposphere. Only near the Arctic surface are changes in emissions at the Arctic
surface the dominant driver (e.g., Figure 12), although it contributes only 20% more than the flux changes at
lower latitudes (Figure 11c) in the idealized model.

Drivers of the near-surface Arctic SCA are especially important since the majority of high-latitude CO2 mea-
surements are taken at or near the surface. Results from the idealized model suggest that near the surface,
Arctic fluxes and midlatitude fluxes are both important contributors to the SCA there. We expect that if any-
thing, the idealized model underestimates the influence of midlatitude fluxes on the SCA near the Arctic
surface since the Arctic surface does not get cold enough in the idealized model, and thus, the diabatic cool-
ing (and cross-isentropic sinking) is likely too weak. This sinking at high latitudes transports midlevel tracer
(transported from lower latitudes) down, and thus, weaker sinking implies a weaker signature of lower lati-
tude fluxes at the Arctic surface. Evidence of this can be seen in Figure 7, where the Arctic isentropes have
steeper slopes in the idealized model compared to GEOS-Chem. Furthermore, comparing the ArcticOff exper-
iments between the two models (Figure 10) shows that the idealized model suggests a smaller role for Arctic
fluxes in driving near-surface SCA (35%; blue lines in Figure 10b) compared to the idealized model (40%; blue
lines in Figure 10a).

3.4. Circulation-Driven Seasonality
Up until now, we have discussed the seasonality of the idealized tracer as a whole. However, this seasonality is
actually driven by two separate components: (1) a seasonality in the tracer source/sink and (2) a seasonality in
the atmospheric transport (i.e., circulation). In order to investigate the relative roles of each of these two com-
ponents, we make use of our idealized modeling framework and discuss simulations where the seasonality of
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Figure 13. (a) Comparison of the seasonal cycle amplitude of the idealized tracer in the Control simulation and the
Equinox simulation. (b) The difference between the Control simulation and the Equinox simulation seasonal cycle
amplitudes, where positive values signify that the seasonality of the circulation enhances the seasonal cycle amplitude
of the tracer there.

the circulation is removed (i.e., constant incoming solar radiation). We will show that although the seasonality
of the surface fluxes dominates the total tracer seasonal cycle, the seasonality of the circulation contributes a
nonnegligible amount.

To remove the influence of the circulation’s seasonal cycle, we perform a simulation, termed Equinox, where
the insolation is fixed to its equinoctial value for the entirety of the run but the tracer surface fluxes have the
same seasonal cycle as the Control (i.e., Figure 2). Figure 13a shows the SCA as a function of latitude for the
Equinox simulation (dashed lines) and the Control simulation (solid lines). The influence of the circulation’s
seasonal cycle on the tracer’s SCA is inferred as the difference between the Control and the Equinox simu-
lations, which is plotted in Figure 13b. Figure 13 suggests that while the circulation does not play a large
role in determining the SCA, its influence is nontrivial. Specifically, in the lower troposphere (850 hPa and
750 hPa; blue and red lines) the circulation’s seasonality acts against the surface flux seasonality to reduce the
SCA (negative values in Figure 13b). However, in the middle and upper troposphere (550 hPa and 350 hPa;
yellow and purple lines) the circulation’s seasonality acts with the surface flux seasonality to increase the SCA
poleward of 45∘N (i.e., the latitude of the midlatitude eddy-driven jet). The differences in SCA between the
Control and Equinox are on the order of 2 ppm, suggesting that the seasonality of the circulation can account
for approximately 10–20% of the total SCA. We note that our results are consistent with Parazoo et al. [2011]
who also found that the transient eddies (i.e., the storm tracks) act to enhance the seasonal cycle amplitude
of column-integrated CO2 at high latitudes.
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4. Discussion and Conclusions

The results of this study can be summarized by two main conclusions.

1. The seasonal cycle amplitude of CO2 roughly follows surfaces of constant potential temperature, rather
than pressure surfaces. Thus, isentropic transport is the fundamental reason for the latitudinal gradient of
increasing CO2 seasonal cycle amplitude along pressure surfaces throughout the troposphere, given the
present-day latitudinal distribution of CO2 emissions.

2. Since changes in the seasonal cycle amplitude follow surfaces of constant potential temperature, increasing
seasonal fluxes in lower latitudes (i.e., temperate and boreal regions) have a larger impact on the seasonal
cycle amplitude of CO2 throughout most of the troposphere compared to increasing seasonal fluxes in
higher latitudes (i.e., Arctic region). That is, amplification of surface flux seasonality at 30∘N has a bigger
effect than an equivalent amplification at 60∘N when observed at 70∘N, where SCA has been observed since
the early 1960s at Barrow, Alaska.

In support of a dominant role of isentropic transport in carrying the seasonal cycle amplitude from the
midlatitude surface to the Arctic, we find that the seasonal cycle amplitude of CO2 increases with latitude inde-
pendent of Arctic surface fluxes. Specifically, transport from lower latitudes accounts for approximately 60% of
the northern high-latitude seasonal cycle even in the presence of a strongly seasonal Arctic biosphere. These
results support the hypothesis that recently observed increasing CO2 seasonal cycle amplitude at the surface
and throughout the middle troposphere in northern high latitudes [e.g., Graven et al., 2013; Forkel et al., 2016;
Zeng et al., 2014] is likely driven by changes in midlatitude surface fluxes (i.e., temperature ecosystems), rather
than changes in the Arctic. Our results demonstrate the critical importance of advective fluxes from much
lower latitudes in controlling seasonal variations of CO2 over Boreal and Arctic latitudes, especially aloft.
Regional inverse models must include accurate specification of meridional transport by individual synoptic
events as lateral boundary conditions [Chang et al., 2014; Henderson et al., 2015; Karion et al., 2015].

The above conclusions are supported by tracer experiments in an idealized aquaplanet with no topography
but are also reproduced by experiments with GEOS-Chem which includes topography and where transport
is driven by reanalysis winds. Agreement between these two very different models points to a fundamental
relationship between the periodic surface fluxes of any tracer and its high-latitude concentrations. That such
a simplified aquaplanet can reproduce the observed latitudinal gradient in the seasonal cycle amplitude of
CO2 along pressure surfaces suggests that transport by synoptic eddies alone can account for this behavior.

It is well known that the distribution of atmospheric trace gases is strongly influenced by convective activ-
ity [Denning et al., 1996], especially along the midlatitude storm tracks where vertical mixing is significantly
enhanced by synoptic eddies and moist convective processes [Miyazaki et al., 2008; Parazoo et al., 2011, 2012].
Quantitative estimation of surface fluxes using modern atmospheric transport models includes these trans-
port processes, but meridional transport in synoptic weather systems includes fine-scale mechanisms like
frontal lifting and vertical motion in clouds that are unresolved by global models. Cloud permitting climate
models produce more realistic vertical gradients of passive tracers compared to models utilizing conventional
convective parameterizations [e.g., Rosa et al., 2012] and drive enhanced poleward transport of trace gases
from midlatitude source regions [Wang et al., 2011]. Thus, it is likely that the estimates in this study, which
are derived from two models that do not explicitly resolve convective processes, underestimate the influ-
ence of isentropic transport and hence the seasonal cycle amplitude of CO2 in the midtroposphere. Future
work should consider the effect of resolved convection, with careful analysis of transport on dry versus moist
isentropic surfaces.

Appendix A

The gray-radiation aquaplanet of Frierson et al. [2006] does not include a seasonal cycle by default and is
typically run under equinoctial conditions. Thus, here we will briefly describe how a 360 day seasonal cycle was
simulated. First, the model computes the top-of-atmosphere average daily insolation according to the formula
provided in equation (2.17) of Hartmann [1994]. However, the resulting seasonal cycle of the circulation is
very unrealistic, with much too strong of a seasonality, e.g., the summer time jet stream and storm track lie
poleward of 60∘N. To make the seasonal cycle more realistic, we modify the default parameters of Frierson
et al. [2006] and follow Afargan and Kaspi [2016] by defining a top-of-atmosphere (TOA) albedo:

𝛼TOA = 𝛼TOA0
+
(
𝛼TOA1

− 𝛼TOA0

)
⋅ sin(𝜃)4, (A1)
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where 𝜃 is degrees latitude, where 𝛼TOA0
= 0.05 and 𝛼TOA1

= 0.45. Then, the net downward solar radiation
is multiplied by (1 − 𝛼TOA) to partially mute the default seasonal cycle. Finally, the surface longwave atmo-
spheric optical depths at equator and pole (which approximate the effects of water vapor) [Frierson et al., 2006,
equation (4)] are modified to be 𝜏0e = 16.0 and 𝜏0p = 8.0. We note that while these modifications to the
default parameters result in a more realistic seasonal cycle of the circulation, the general conclusions of this
work would remain the same if the default parameters were used instead.
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