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Abstract. Global simulations of atmospheric chemistry are
commonly conducted with off-line chemical transport mod-
els (CTMs) driven by archived meteorological data from
general circulation models (GCMs). The off-line approach
has the advantages of simplicity and expediency, but it in-
curs errors due to temporal averaging in the meteorologi-
cal archive and the inability to reproduce the GCM trans-
port algorithms exactly. The CTM simulation is also often
conducted at coarser grid resolution than the parent GCM.
Here we investigate this cascade of CTM errors by using
222Rn-219Pb—"Be chemical tracer simulations off-line in the
GEOS-Chem CTM at rectilinear 0.25° x 0.3125° (& 25 km)
and 2° x 2.5° (=200km) resolutions and online in the par-
ent GEOS-5 GCM at cubed-sphere c360 (=25 km) and c48
(A~ 200 km) horizontal resolutions. The c360 GEOS-5 GCM
meteorological archive, updated every 3 h and remapped to
0.25° x 0.3125°, is the standard operational product gener-
ated by the NASA Global Modeling and Assimilation Of-
fice (GMAO) and used as input by GEOS-Chem. We find that
the GEOS-Chem ?22Rn simulation at native 0.25° x 0.3125°
resolution is affected by vertical transport errors of up to
20 % relative to the GEOS-5 c360 online simulation, in part
due to loss of transient organized vertical motions in the
GCM (resolved convection) that are temporally averaged out
in the 3 h meteorological archive. There is also significant
error caused by operational remapping of the meteorolog-
ical archive from a cubed-sphere to a rectilinear grid. De-
creasing the GEOS-Chem resolution from 0.25° x 0.3125°

to 2° x 2.5° induces further weakening of vertical transport
as transient vertical motions are averaged out spatially and
temporally. The resulting >>’Rn concentrations simulated by
the coarse-resolution GEOS-Chem are overestimated by up
to 40 % in surface air relative to the online c360 simulations
and underestimated by up to 40 % in the upper troposphere,
while the tropospheric lifetimes of >'Pb and ’Be against
aerosol deposition are affected by 5-10 %. The lost vertical
transport in the coarse-resolution GEOS-Chem simulation
can be partly restored by recomputing the convective mass
fluxes at the appropriate resolution to replace the archived
convective mass fluxes and by correcting for bias in the spa-
tial averaging of boundary layer mixing depths.

1 Introduction

Accurate simulation of transport is crucial for global mod-
els of atmospheric composition. Transport information is
provided by general circulation models (GCMs) that solve
the conservation equations for air mass, momentum, heat,
and water and may assimilate meteorological observations
to reproduce a specific period. GCMs compute grid-resolved
winds, sub-grid turbulence, and convection properties that
determine the transport of chemical species through the cor-
responding continuity equations (Brasseur and Jacob, 2017).
These equations can be solved “online” as part of the GCM or
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“off-line” by using archived winds and turbulence statistics
to drive a separate chemical transport model (CTM). The off-
line approach has the advantages of simplicity and economy,
but it introduces differences due to temporal (and sometimes
spatial) averaging in the meteorological archive and due to
inability to exactly replicate the GCM transport algorithms.
Since the CTM aims to replicate the original transport of the
GCM, any deviation from the GCM transport can be viewed
as an error. Here we use chemical tracers to investigate the
cascade of errors involved in successively degrading a global
online simulation with high spatial resolution through var-
ious stages to an off-line simulation with coarse horizon-
tal spatial resolution and coarse temporal resolution of input
data.

Whether online or off-line, a model of atmospheric com-
position computes the concentrations of atmospheric species
by solving the relevant chemical continuity (mass conser-
vation) equations. In an Eulerian (fixed frame of reference)
framework,
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Here p; is the mass density of species i, p, is the air den-
sity, v is the wind vector, V - (p; v) represents the advection
term (flux divergence), and P; — L; accounts for local pro-
duction and loss from chemical reactions. Small-scale turbu-
lent transport is parameterized in Eq. (1) as an eddy diffusion
term where K is an eddy diffusivity tensor. Additional param-
eterizations are applied for convection, which is sub-grid on
the horizontal scale but organized (nonlocal) on the vertical
scale. Unlike the Navier—Stokes conservation equation for
momentum, where nonlinear dependence on momentum in-
troduces chaos in the solution, the chemical continuity equa-
tion has stable solutions when v and K are specified. This is
an important motivation for decoupling the CTM from the
GCM and using archives of v, K, and convection diagnostics
to drive the off-line transport.

A GCM typically uses a time step of the order of min-
utes to integrate the conservation equations for atmospheric
dynamics. In an online model, the chemical continuity equa-
tions can be integrated using updated winds on the same time
step. But archiving winds at that resolution for off-line CTM
applications is impractical in terms of data storage. Instead,
meteorological archives for use in CTMs are typically avail-
able as temporal averages every few hours, losing informa-
tion on eddy motions on shorter timescales that might affect
chemical transport. Rasch et al. (1997) found that 6 h archiv-
ing of GCM meteorological fields did not induce significant
off-line chemical transport error but 24 h archiving did. Den-
tener et al. (1999) confirmed that CTMs using meteorology
archived at 6 h intervals could reproduce the transport of the
originating GCM. These older GCMs used grid resolutions
of hundreds of kilometers, whereas current GCMs use tens
of kilometers. The error from temporal averaging increases
with increasing grid resolution, particularly as the GCM be-
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comes fine enough to partly resolve convective scales (Grell
et al., 2004).

Deep convection is of particular concern for off-line CTM
applications. Vertical convective motions driven by buoyancy
are sub-grid on the horizontal scale but organized on the ver-
tical scale, transporting air across several vertical model lev-
els in a single time step. Deep convection enables the trans-
port of short-lived species to high altitudes and scavenges
water-soluble species (such as aerosol particles) in the cloud
updrafts. Convective parameterizations used in GCMs diag-
nose cloud updrafts, downdrafts, detrainment and entrain-
ment, and compensatory large-scale subsidence on the grid
scale (Brasseur and Jacob, 2017). It is common practice to
use temporally averaged convective mass fluxes from the
GCM archives to drive off-line models, but the exact timing
of events is then lost. A compounding problem is that cur-
rent GCMs have sufficiently fine resolution to partly resolve
convective systems on the grid scale, so the parameterized
convection is suppressed in scale-aware schemes (Grell and
Freitas, 2014; Molod et al., 2015). Typical convective sys-
tems persist for less than 1h, and the corresponding advec-
tive transport is averaged out in a multi-hour wind archive.

Spatial averaging of the meteorological archive is yet an-
other concern. CTM simulations of oxidant—aerosol chem-
istry and/or aerosol microphysics may require over 100 cou-
pled species. The computational costs are large. A way to
reduce costs is to degrade spatial resolution. It is thus com-
mon practice in CTM applications to average the GCM me-
teorological fields onto coarser grids for input to the CTM
and operate the CTM at that coarser resolution. But the aver-
aging may introduce transport biases. For example, vertical
eddy fluxes resolved at the native 0.25° x 0.3125° GCM res-
olution may be lost by averaging to the coarser grid.

Here we examine how the off-line archiving of GCM me-
teorological data, including temporal and spatial averaging,
affects the simulation of transport in the GEOS-Chem CTM,
and we recommend some corrections for these errors. We
use for this purpose the 222Rn—2'"Pb—"Be tracer suite, which
provides a standard basis for evaluating transport and aerosol
scavenging in CTMs (Jacob et al., 1997; Liu et al., 2001;
Considine et al., 2005; Zhang et al., 2017). The GEOS-Chem
CTM, originally described by Bey et al. (2001), is an open-
source global model of atmospheric composition used by a
large research community for a wide range of applications.
The experiments described here rely on assimilated meteo-
rological data archived every 3h from the NASA Goddard
Earth Observation System (GEOS) Data Assimilation Sys-
tem (DAS; Rienecker et al., 2011; Gelaro et al., 2017) on a
cubed-sphere grid interpolated to 0.25° x 0.3125° (=~ 25 km)
horizontal resolution. The GEOS DAS uses the underlying
GCM described in Rienecker et al. (2008) and Molod et al.
(2015). GEOS-Chem CTM simulations can be conducted
at that native resolution, but global simulations generally
use degraded 2° x 2.5° (=200 km) resolution for computa-
tional expediency. The GEOS-Chem chemical module (solv-
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ing % = P; — L;) has recently been integrated within the
GEOS GCM so that simulations with detailed chemistry can
be conducted either online or off-line using the exact same
module (Long et al., 2015).

2 Model descriptions
2.1 GEOS-5 GCM

The Goddard Earth Observing System Model ver-
sion 5 (GEOS-5) is a GCM developed by the NASA
Global Modeling and Analysis Office (GMAO) (Rienecker
et al., 2008; Molod et al.,, 2015). Advection is driven
by the finite-volume dynamical core of Putman and Lin
(2007), which uses sub-stepping to ensure that the Courant
number does not exceed unity. Boundary layer mixing
is based on the nonlocal scheme of Lock et al. (2000)
and the Richardson-number-based scheme of Louis et al.
(1982). The convective parameterization is the Relaxed
Arakawa—Schubert (RAS) scheme (Moorthi and Suarez,
1992) with a scheme for the generation and reevaporation
of precipitation (Bacmeister et al., 2006). RAS computes
the effect of multiple individual cloud plumes released
sequentially using a resolution-dependent stochastic trigger
function (Bacmeister and Stephens, 2011). GEOS-5 has
72 vertical levels up to 0.01 hPa on a hybrid eta (sigma-
pressure) grid. The horizontal grid is cubed-sphere (Putman
and Lin, 2007) and can operate at a range of resolutions. The
integration of the model equations on the cubed-sphere grid
eliminates the problem of large Courant numbers near the
poles and permits straightforward domain decomposition for
distributed-memory environments. The cubed-sphere grid
has been used in other GCMs, such as the Geophysical Fluid
Dynamics Laboratory (GFDL) Atmospheric Model 3 (AM3)
(Donner et al., 2011).

We use here the operational GEOS-5 product (https:
/lgmao.gsfc.nasa.gov/GMAQ_products/NRT_products.php)
generated at a cubed-sphere ¢360 (=25km) horizontal
resolution. The data combines the GEOS-5 GCM with
observations using a hybrid ensemble Kalman filter three-
dimensional variational (3D-Var hybrid) system (Rienecker
et al., 2012). The internal GCM time step for advection and
convection is 7.5 min. Output from the ¢360 simulation is
mapped onto a 0.25° x 0.3125° latitude x longitude rectilin-
ear grid to produce the GEOS forward-processing (GEOS-
FP) archive released operationally by GMAO. The archived
data relevant to CTM transport and scavenging include 3-D
winds, convective mass fluxes, precipitation fields, and 2-D
surface pressures and boundary layer mixing depths. The
3-D data are archived as 3 h averages and the 2-D data as 1 h
averages.

GEOS operational meteorological products have been
widely used for off-line CTM applications including by the
University of Maryland (UMD) CTM (Allen et al., 1996),
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GEOS-Chem (Bey et al., 2001), Global Modeling Initia-
tive (GMI) CTM (Douglass et al., 1999, 2004), Integrated
Massively Parallel Atmospheric Chemical Transport (IM-
PACT) model (Rotman et al., 2004), MOZART (Emmons
et al., 2010), CAM-Chem (Lamarque et al., 2012), and the
GEOS CTM (Kouatchou et al., 2015). Chemical transport
simulations can also be performed online within the GEOS-5
GCM (Colarco et al., 2010; Oman and Douglass, 2014; Long
etal., 2015; Strode et al., 2015; Li et al., 2016). Although we
use GEOS-Chem in our comparisons against online GEOS-
5 GCM results, the issues discussed in this paper are more
generally pertinent to CTMs driven by archived GCM mete-
orological data.

2.2 GEOS-Chem CTM

We use two versions of GEOS-Chem: the standard ver-
sion 11-01 released in February 2017 (http://wiki.seas.
harvard.edu/geos-chem/index.php/GEOS-Chem_v11-01)
and a beta high-performance version (GCHP) designed for
massively parallel computing environments (http://wiki.seas.
harvard.edu/geos-chem/index.php/GEOS-Chem_HP). The
standard GEOS-Chem operates on the rectilinear grid from
the GEOS-5 archive, while GCHP operates on the GEOS-5
cubed-sphere grid. Both versions use the same archived
meteorological data and modules except for advection.
GCHP uses an off-line version of the same Putman and
Lin (2007) dynamical core as GEOS-5, while the standard
GEOS-Chem uses a dynamical core developed for off-line
applications on a rectilinear grid (Lin and Rood, 1996).
The Lin and Rood (1996) scheme averages winds, surface
pressures, and mixing ratios over the two highest latitude
bands to compensate for the polar singularity. Vertical ad-
vection is computed in both cases from the change in surface
pressure, but vertical advection in the standard rectilinear
GEOS-Chem is lower order than in GEOS-5 and GCHP.
In the standard rectilinear GEOS-Chem, a pressure fixer
(Horowitz et al., 2003) is used to correct for inconsistencies
between horizontal wind divergence and pressure tendencies
resulting from the temporal averaging in the meteorological
archive, whereas GCHP enforces mass consistency by
applying a global scaling factor.

Convective transport in GEOS-Chem is simulated with
a single-plume scheme using the archived 3 h net updraft
and detrainment convective mass fluxes summing over all
RAS plumes within a given grid column (Wu et al., 2007).
Although GEOS-Chem reproduces the bulk 3h convective
transport in the GEOS-5 GCM, the precise timing and in-
teractions between RAS convective plumes are not resolved
since that information is not in the archive. Bulk convective
transport using archived mass fluxes is a standard procedure
in other CTMs driven by GEOS-5 meteorology, such as the
GMI CTM, and CTMs driven by other meteorology, such as
TOMCAT (Feng et al., 2011, driven by ECMWEF reanalysis
data).

Geosci. Model Dev., 11, 305-319, 2018


https://gmao.gsfc.nasa.gov/GMAO_products/NRT_products.php
https://gmao.gsfc.nasa.gov/GMAO_products/NRT_products.php
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v11-01
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v11-01
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_HP
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_HP

308

Boundary layer mixing in GEOS-Chem uses the nonlo-
cal parameterization of Holtslag and Boville (1993) adapted
for GEOS-Chem by Lin and McElroy (2010). It draws on
the archived GEOS-5 mixing depths, temperature, latent
and sensible heat fluxes, and specific humidity. The mixing
depths in the GEOS-5 archive are a diagnostic quantity, and
thus boundary layer mixing in GEOS-Chem may differ from
that in the GEOS-5 GCM.

GEOS-Chem applications typically use the native horizon-
tal resolution of the GEOS products for nested simulations
over continental-scale domains (Wang et al., 2004; Chen
etal., 2009; Kim et al., 2015) but a coarser 2° x 2.5° horizon-
tal resolution for global simulations. The 2° x 2.5° meteoro-
logical archive is generated by averaging the original GEOS-
5 archive over the corresponding grid. As part of this work,
we developed a capability to conduct global GEOS-Chem
simulations for passive tracers at native 0.25° x 0.3125° hor-
izontal resolution. This allows us to separate the contribu-
tions of off-line archiving and degraded resolution to model
errors.

3 Simulation ensemble
3.1 The 22Rn-21Pb-"Be system

The natural tracer suite 22*Rn—>'Pb—"Be provides a stan-
dard test of vertical transport and scavenging in global mod-
els, with capability to compare to observations (Liu et al.,
2001). 22?Rn is emitted ubiquitously by soils. Its sole sink
is radioactive decay to 2'°Pb with a half-life of 3.8 days,
making it a sensitive tracer for vertical transport in the tro-
posphere (Liu et al., 1984; Jacob and Prather, 1990; Jacob
et al., 1997; Allen et al., 1996). 21°Pb (half-life 22.3 years)
attaches to aerosol particles and provides a diagnostic for
aerosol lifetime against deposition (Balkanski et al., 1993).
"Be (half-life 53.3 days) is produced in the upper troposphere
and lower stratosphere from the interaction of cosmic rays
with atmospheric oxygen and nitrogen (Lal and Peters, 1967)
and attaches to aerosol particles and is removed by deposi-
tion in the same way as 2!°Pb. The high-altitude source of
"Be complements 2'Pb by testing the model representation
of subsidence and stratosphere—troposphere exchange (Koch
et al., 1996; Considine et al., 2005).

Here we use the 2*’Rn—>'"Pb—"Be simulation origi-
nally developed for GEOS-Chem by Liu et al. (2001).
222Rn is emitted uniformly from land excluding ice at a
rate of 1.0atomscm~2s~! under nonfreezing conditions
and 0.3 atoms cm ™2 s~ ! under freezing conditions. The "Be
source function depends only on altitude and latitude. 2!°Pb
and "Be are removed by aerosol wet and dry deposition, in
addition to radioactive decay (negligible for >!°Pb). Dry de-
position is a minor sink. Wet deposition includes scavenging
in convective updrafts following the approach of Balkanski
et al. (1993), and first-order in-cloud and below-cloud scav-
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enging for anvil and large-scale (grid-resolved) precipitation
following the approach of Giorgi and Chameides (1986).
Aerosol can be released below cloud if precipitation evap-
orates. The scavenging parameterizations of Liu et al. (2001)
are intended to be applicable to GEOS-Chem at all reso-
lutions because convective mass fluxes (from the GEOS-5
archive) do not change with resolution and because first-
order rainout or washout assumes precipitating fractions of
grid boxes that are set in all cases by a fixed rate of conver-
sion of cloud water to precipitation (Giorgi and Chameides,
1986).

A recent study by Zhang et al. (2017) uses GEOS-Chem
with an updated >**Rn source function to evaluate with ob-
servations worldwide. Here our focus is not on comparison
to observations but on the effect of CTM model differences
relative to a reference simulation. Since the averaging and
remapping of meteorological fields in the CTM represents
a degradation of the information from the reference simula-
tion, we view for our purpose the reference simulation as the
“truth” against which the different CTM simulations can be
compared.

3.2 Simulations performed

We conducted a number of online and off-line >*?Rn—>'"Pb-
"Be simulations for different spatial resolutions and con-
figurations, as illustrated in Figure 1 and explained below.
All simulations were conducted for 2 months starting from
zero concentrations on 1 June 2013. We report and compare
monthly mean results for July 2013 after a 1-month (June)
spin-up. We limited the analysis to 1 month because of com-
putational and storage requirements for the high-resolution
simulations and with the expectation that 1 month in North-
ern Hemisphere summer is a sufficient time window to diag-
nose systematic differences in vertical tropospheric transport
as revealed by the 22Rn—>'9Pb—"Be system. The zero initial-
ization allows for sensitive analysis of differences but implies
that concentrations are not in steady state and should not be
compared to observations, in particular for >'Pb and "Be.
For example, observed and steady-state GEOS-Chem 2!°Pb
concentrations in the stratosphere are higher than in the tro-
posphere (Liu et al., 2001), but in our simulations they are
much lower. Stratospheric concentrations of 22?Rn and 2!°Pb
should not be compared across simulations since the injec-
tion of 222Rn into the stratosphere may be driven by sporadic
deep convection (Lambert et al., 1990). The stratosphere is
not discussed in what follows.

Simulation 1 is conducted online using a version of
GEOS-5 similar to the one used in Molod et al. (2015) at
¢360 resolution. For 222Rn, it defines the reference simula-
tion; all other simulations in Fig. 1 (blue boxes) successively
degrade some aspect of that reference simulation. This is not
the case for 2!°Pb and "Be because the scheme for aerosol
wet scavenging in the GEOS-5 GCM is less advanced than in
GEOS-Chem. In particular, aerosol scavenging in the GCM
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Figure 1. Ensemble of global 222Rn-210pp_7Be simulations conducted in this work. The blue and green boxes identify simulations origi-
nating from reference high-resolution (c360) and coarse-resolution (c48) GEOS-5 meteorological products, respectively.

is not coupled to sub-grid transport in deep convective up-
drafts, and this can severely overestimate the transport of
aerosols to the upper troposphere (Balkanski et al., 1993).
Thus we do not show 2'°Pb and "Be results from the online
simulations.

Simulation 2 is also conducted online at c360 resolution
but with the bulk convective algorithm of GEOS-Chem and
3 h averaged convective mass fluxes from simulation 1. This
allows us to separately examine the effect of using archived
fields on convection and advection. Simulation 2 is used to
generate the meteorological archive (3 h for winds and con-
vective mass fluxes, 1 h for mixing depths) for the off-line
GEOS-Chem simulations. This off-line archive mimics the
operational GEOS-FP archive by using the same temporal
averaging windows and remapping the cubed-sphere meteo-
rological data to a 0.25° x 0.3125° rectilinear grid.

Simulation 3 is the standard off-line high-resolution
GEOS-Chem on a 0.25° x 0.3125° rectilinear grid. It uses an
archive of winds, mixing depths, and convective mass fluxes
generated from simulation 2 that mimics the GEOS-5 oper-
ational product. Errors in the >?>Rn simulation compared to
simulation 2 include the temporal averaging of winds and
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mixing depths, the remapping of the meteorological archive
to a rectilinear grid, and the use of a lower-order advec-
tion core and a different boundary layer mixing scheme. For
210pph and Be, simulation 3 represents our best-case refer-
ence simulation.

Simulation 4 is the standard off-line coarse-resolution
GEOS-Chem on a 2° x 2.5° grid. It uses the off-line meteo-
rological archive from simulation 2 but degraded to 2° x 2.5°
resolution. Comparison with simulation 3 shows the error
from degraded horizontal resolution. Comparison to simu-
lation 1 (for 2?>Rn) shows the compounded errors in going
from the original online GEOS-5 simulation to the off-line,
coarse-resolution simulation.

Although global GEOS-Chem simulations may be con-
ducted at coarse 2° x 2.5° resolution, they use driving mete-
orological fields generated from the original GEOS-5 simu-
lation at ¢360 (=~ 0.25° x 0.3125°) resolution. This is an im-
portant distinction from a simulation that would be driven
by a coarser meteorological model. To investigate that ef-
fect, we also conducted an online simulation 5 using GEOS-
5 meteorology at c48 resolution (= 2° x 2.5°). We then used
the meteorological data from simulation 5, archived on the

Geosci. Model Dev., 11, 305-319, 2018
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Figure 2. Off-line transport errors in 222Rn concentrations simulated at ¢360 (A~ 25 km) resolution. (a) Zonal mean concentrations of 222Rp
from the online GEOS-5 reference simulation with c360 cubed-sphere resolution (simulation 1). Values are monthly means for July 2013
after a 1-month spin-up from zero concentrations and are expressed in mixing ratio units of millibecquerels per standard cubic meter (at
0°C and 1 atm pressure) or mBq SCM~L. (b) Errors due to the use of simplified off-line GEOS-Chem convection shown as percentage
differences between simulation 2 and simulation 1. (¢) Errors in the high-resolution GEOS-Chem simulation at 0.25° x 0.3125° (=~ 25km)
resolution due to off-line archiving of winds and mixing depths, remapping to rectilinear grid, and use of different transport schemes shown
as percentage differences between simulation 3 and simulation 2. The abscissa is on a sine latitude (equal area) scale. Stratospheric results
are not shown (see text). Here and in other figures, solid color contours provide finer gradation of the labeled line contours.

cubed-sphere grid, to drive an off-line c48 simulation using
the high-performance version of GEOS-Chem on that grid
(simulation 6) and an off-line 2° x 2.5° simulation using the
standard GEOS-Chem on a rectilinear grid (simulation 7). A
comparison of simulations 6 and 7 diagnoses the error from
remapping the meteorological archive from its native cubed-
sphere to a rectilinear grid. Except for temporal averaging,
the off-line archive for simulation 6 is fully consistent with
the c48 online simulation 5 (no remapping). The c48 resolu-
tion allowed us to conduct a cubed-sphere off-line (GCHP)
simulation, which we were not able to do at ¢360 resolution
due to computational limitations.

Together, simulations 1-7 allow us to examine and isolate
different sources of error in simulations of chemical transport
including meteorological grid resolution, off-line meteoro-
logical archiving (temporal averaging), remapping of the me-
teorological archive, spatial degradation of that archive, and
differences between off-line and online transport schemes.
Salient results are discussed in the next section. We use
monthly average zonal mean profiles vs. altitude and lati-
tude as our comparison metric, following standard practice
for 22Rn model intercomparisons (Jacob et al., 1997). An-
other comparison metric for 2!°Pb and "Be is the global
tropospheric lifetime against deposition (Liu et al., 2001).
Throughout this paper, we refer to “archiving” as the tem-
poral averaging of meteorological fields for use in off-line
simulations, “remapping” as the cubed-sphere to rectilinear
transformation of these fields, and “spatial averaging” as the
further degradation of these fields from a fine to a coarse oft-
line grid.
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4 Simulation results

Figure 2a shows the zonal July mean profile of 2*Rn con-
centrations as a function of latitude and altitude from simu-
lation 1. The latitudinal distribution reflects the continental
source. The ?’Rn lifetime is much shorter than the verti-
cal mixing time of the troposphere (~1 month), resulting in
strong vertical gradients. The zonal mean concentration pat-
terns are typical of those found in other models (Jacob et al.,
1997).

4.1 Errors from use of off-line convection scheme

Figure 2b shows the percentage differences in zonal mean
222Rn profiles between simulation 2 (off-line GEOS-Chem
convection scheme) and simulation 1. Simulation 2 has up
to 10 % higher *>Rn concentrations in the equatorial lower
troposphere and up to 7 % lower 2*2Rn concentrations in the
middle to upper troposphere. The combination of using the
GEOS-Chem convection scheme and temporally averaged
convective mass fluxes results in slightly reduced vertical
transport compared to the original GEOS-5 convection.

The GEOS-Chem convection scheme operates as a single
convective plume in each grid column on the basis of the
3h archive of GEOS-5 convective updraft and detrainment
data. We find in a sensitivity simulation that using 15 min or
3 h averages of convective mass fluxes makes no significant
difference. Thus the differences in Fig. 2 arise mainly from
the bulk convective transport scheme used in GEOS-Chem,
which simplifies the RAS ensemble-plume parameterization
to a single plume. One explanation for why a multi-plume pa-
rameterization might produce a different transport pattern is
that each sequential plume acts on a different concentration
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Figure 3. Off-line transport errors in 222Rn concentrations simulated at c48 (~ 200 km) resolution. (a) Zonal monthly mean concentrations of
222Rn forJ uly 2013 from the online GEOS-5 simulation with c48 cubed-sphere resolution (simulation 5). (b) Errors due to oft-line archiving
of meteorological fields (no remapping) shown as percentage differences between simulation 6 and simulation 5. (¢) Errors due to remapping
of the meteorological archive from c48 to 2° x 2.5° (rectilinear, ~ 200 km) and using a lower-order advection scheme shown as percentage

differences between simulation 7 and simulation 6.

gradient that has been modified by the previous plume un-
til the moisture and temperature fields are balanced. A tall
plume followed by a series of short plumes will transport
more tracer higher than a series of shorter plumes followed
by a tall plume.

4.2 Errors from off-line vs. online simulation

Figure 2c shows the percentage differences between sim-
ulation 3 (off-line) and simulation 2 (online). The off-line
simulation has higher ?*’Rn concentrations in the mid-
troposphere (700-500 hPa) and lower concentrations in the
upper troposphere (above 500 hPa), with some differences
exceeding 20 %. Encapsulated in this comparison are the ef-
fects of remapping the archived meteorological fields to a
rectilinear grid using a different advection scheme, using a
different boundary layer mixing scheme, and using 3h av-
eraged wind fields. Large relative differences in polar grid
cells may reflect the averaging of concentrations in the polar
latitudes in the rectilinear advection scheme (Lin and Rood,
1996) and the transition to semi-Lagrangian advection when
the Courant number exceeds unity. 222Rn concentrations are
very low in these polar grid cells so that absolute differences
are small.

To better understand the contributions from different
sources of error in the off-line simulation, we examine sim-
ulations 57, which show a similar transition from online to
off-line, but starting at c48 resolution in the GEOS-5 model
and with the intermediate addition of a c48 off-line GCHP
simulation (custom cubed-sphere archive, no remapping). In
this way we can diagnose the effects of using archived mete-
orology separately from the effects of the advection core and
remapping error associated with conversion to a rectilinear
(here 2° x 2.5°) grid. Figure 3a shows the zonal mean 2>’Rn
concentrations for c48 resolution, which have a similar pat-
tern to the c360 results. Figure 3b and c¢ additively separate
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out the contributions from off-line archiving (simulation 6
vs. simulation 5) and the remapping and transport scheme
(simulation 7 vs. simulation 6). Off-line archiving results in
overall weaker vertical transport, as might be expected from
transient motions averaged out in the meteorological archive.
The bias is about 5 % in surface air but can exceed 20 % in the
upper troposphere. There is still a bias over Antarctica even
though the off-line cubed-sphere geometry does not have a
polar singularity; this may reflect the cumulative effect of
meridional transport differences affecting a region particu-
larly remote from sources. The combination of remapping to
the rectilinear grid and using the Lin and Rood (1996) ad-
vection scheme (right panel) also incurs differences of about
5 % in surface air and up to 20 % in the upper troposphere.
We would expect to see larger remapping errors associated
with smaller grids, especially over the polar regions. The er-
rors from simulations 6 and 7 compound for surface air but
tend to cancel in the upper troposphere.

4.3 Errors from grid resolution

Figure 4 shows the effect of grid resolution on zonal mean
222Rn profiles in GEOS-5 (online, with resolution affecting
meteorology) and GEOS-Chem (off-line, using the same me-
teorological archive in both cases). Figure 4b shows the per-
centage difference between simulation 5 (online c48) and
simulation 2 (online ¢360). The ¢360 meteorological simu-
lation has sufficient spatial resolution to resolve large con-
vective systems and thus has much less parameterized con-
vection than the c48 simulation. The higher 2>’Rn concen-
trations in the tropical upper troposphere in c48 and lower
concentrations in the extratropical upper troposphere most
likely reflect differences in vertical transport properties be-
tween the resolved and parameterized convective formula-
tions. Thus the higher concentrations in the tropical middle
to upper troposphere at c48 can be attributed to the convec-

Geosci. Model Dev., 11, 305-319, 2018



312

% difference in ’Rn concentrations due to grid resolution
GEQS-Chem: 2° x 2.5° vs. 0.25° x 0.3125°
b) simulation 4 — simulation 3

GEOS-5: c48 vs. c360
simulation 5 — simulation 2

Pressure, hPa

NN o F P S A o ENEEEN)

Latitude, degrees Latitude, degrees

Figure 4. Effect of grid resolution on simulated zonal mean 222Rn
concentrations for July 2013. (a) Percentage differences between
online GEOS-5 simulations at c¢48 resolution (simulation 5) and
¢360 resolution (simulation 2). (b) Percentage differences between
off-line GEOS-Chem simulations at 2° x 2.5° resolution (simula-
tion 4) and 0.25° x 0.3125° resolution (simulation 3).

tive fluxes that are not represented by the resolved transport
at ¢360. The lower concentrations near the tropopause can be
attributed to the known insufficiency of convective transport
for reaching that level (Ott et al., 2009). The lower concen-
trations in the extratropical upper troposphere may be due to
inability to diagnose organized vertical motion as convection.
The higher concentrations over Antarctica at c48 may be due
to numerical diffusion during the slow long-range meridional
transport from lower latitudes (Eastham and Jacob, 2017).
While these differences are large, absolute concentrations are
very low over the poles due to the short lifetime of 2>Rn and
lack of emission over ice and snow.

Degrading model resolution has different effects in GEOS-
Chem, in which the coarse 2° x 2.5° simulation uses the
same 0.25° x 0.3125° meteorological archive as the high-
resolution simulation but with spatial averaging of the mete-
orological fields. The coarse simulation results in decreased
vertical transport to the upper troposphere at all latitudes,
with maximum effect (up to 40 %) in the subsiding sub-
tropics. This may be simply explained by the averaging out
of vertical eddy motions on the coarser grid, including or-
ganized vertical motions across multiple levels that the on-
line c48 simulation would simulate with stronger parameter-
ized convection. This systematic bias in the coarse-resolution
GEOS-Chem may thus be correctable through the addition of
convective motions. We explore this idea in the next section.

4.4 Errors from grid resolution for 21°Pb and "Be

Figure 5 (top panels) shows the zonal mean concentra-
tions of 2'°Pb and "Be from the GEOS-Chem simulation
at 0.25° x 0.3125° (simulation 3). The 2!°Pb distribution is
shifted to higher altitudes relative to 2*2Rn, reflecting the ef-
fect of scavenging in the lower troposphere. "Be shows pref-
erential subsidence in the dry subtropics and is depleted in
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Simulation 3: off-line GEOS-Chem at 0.25° x 0.3125°
(a) Zonal mean 2°Pb [mBq/SCM] (b) Zonal mean "Be [mBg/SCM]
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Figure 5. Simulated GEOS-Chem zonal mean concentrations of
210pp and 7Be at 0.25° x 0.3125° grid resolution (simulation 3;
a, b) and the effect of degrading grid resolution to 2° x 2.5° (sim-
ulation 4; ¢, d). Concentrations are monthly means for July 2013
after a 1-month spin-up from zero concentrations and are expressed
in mixing ratio units of millibecquerels per standard cubic meter (at
0°C and 1 atm pressure) or mBq SCM—L. (¢, d) Percentage differ-
ences between simulation 4 and simulation 3.

the lower troposphere by scavenging. ’Be concentrations are
low throughout the tropical troposphere due to dominant up-
welling of "Be-depleted surface air.

Mean tropospheric lifetimes against deposition in the
0.25° x 0.3125° simulation are 6.7 days for 2!°Pb and
17 days for "Be. Liu et al. (2001) previously inferred 2!°Pb
and "Be tropospheric residence times of 9 and 21 days, re-
spectively, from an earlier version of GEOS-Chem evalu-
ated with observations. A more recent evaluation by Zhang
et al. (2017) using GEOS-Chem version 11-01 and an up-
dated 22”Rn source finds that a residence time for 2!°Pb of
7 £ 1 days better matches the observational constraints.

The bottom panels show the effects of degrading the
GEOS-Chem resolution to 2° x 2.5°. Overall the results are
consistent with our previous finding for 222Rn that degrading
the resolution weakens vertical transport. Tropospheric life-
times decrease to 6.2 days for 2!°Pb and increase to 18 days
for "Be, with is consistent with the shifts in vertical distri-
bution to the lower troposphere for 2!°Pb and to the upper
troposphere for "Be. 2!°Pb concentrations are higher in the
tropical upper troposphere in the 2° x 2.5° simulation, likely
due to differences in wet scavenging.
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Figure 6. Errors in off-line coarse-resolution (2° x 2.5°) simulations of 222Rn concentrations relative to the reference online c360 GEOS-5
simulation (simulation 1). Values are percentage differences in zonal mean concentrations for July 2013. (a) Errors for the baseline 2° x 2.5°
GEOS-Chem simulation. (b) Errors for the same baseline but with adjusted RAS convective mass fluxes (see text). (¢) Errors for the same
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relative to simulation 1.

5 Correcting errors in off-line simulations

Our work has shown how a cascade of errors is introduced in
the model transport of chemical tracers when using off-line
meteorological archives (as opposed to online simulation)
and when degrading the spatial resolution of these archives
for computational expediency. The compounding effect is il-
lustrated in Fig. 6a, which compares the zonal mean 2*’Rn
concentration profiles in the off-line 2° x 2.5° configura-
tion of GEOS-Chem to the online GEOS-5 simulation at
c360 (~ 25 km) resolution. Concentrations are typically bi-
ased high by ~ 20 % at the surface and biased low by ~ 40 %
in the upper troposphere. Figure 7 shows the same compari-
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son as Fig. 6a but for concentrations at 900 and 500 hPa. We
see that the c360 simulation is better able to capture the fila-
mentary structure of outflow from continental source regions,
while these patterns are not apparent in the 2° x 2.5° simula-
tion. Concentrations are higher overall for the 2° x 2.5° sim-
ulation at 900 hPa and lower at 500 hPa, which is consistent
with the vertical profiles. At 500 hPa, the fine structure of
transport is even more apparent in the high-resolution sim-
ulation. We now examine how some of these errors can be
alleviated.

We can categorize the errors as resulting from four differ-
ent sources: (1) differences in transport algorithms between
the off-line and online model (advection scheme, boundary
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Figure 8. Convective mass fluxes for July 2013 produced by the GEOS-5 GCM at cubed-sphere ¢360 (=~ 25km) and c48 (=~ 200km)
resolution using the Relaxed Arakawa—Schubert (RAS) scheme and by the 2° x 2.5° (2200 km) GEOS-Chem simulation using the RAS
scheme with ¢360 and c48 GEOS-5 meteorology. (a) Vertical profile of global mean convective mass flux. (b) Zonal mean convective mass

flux at 500 hPa as a function of latitude.

layer mixing, convective parameterization); (2) remapping of
the meteorological archive (as here from a cubed-sphere to a
rectilinear grid); (3) temporal averaging in the meteorolog-
ical archive (causing loss of eddy motions, including grid-
resolved organized convection, and requiring a pressure fixer
to correct horizontal winds); and (4) spatial degradation of
the meteorological archive (causing further loss of eddy mo-
tions). Our work presented in Sect. 4 shows that all of these
general sources of error are important, and addressing some
of them requires improvement of the off-line archive. For ex-
ample, an obvious improvement in our case would be for the
GEOS-5 meteorological archive to be available on the native
cubed-sphere grid rather than remapped to a rectilinear grid.
Increasing the temporal frequency of archiving would be an-
other obvious improvement.

Here we examine the feasibility of restoring the orga-
nized vertical motions lost in the temporal averaging of
the meteorological archive or in the spatial averaging for
coarse-resolution GEOS-Chem simulations. Charlton-Perez
et al. (2009) previously found that vertical motions in a
large-eddy simulation at 200200 m resolution could be pre-
served at coarser resolution by an eddy accumulation method
in which upward and downward vertical winds are aver-
aged separately. We implemented this method by taking the
archived pressure velocity (@) as 3 h averages from the native
0.25° x 0.3125° meteorological archive and separately aver-
aging the upwards and downwards values onto the coarse-
resolution 2° x 2.5° grid. We then compared these values to
the value computed by GEOS-Chem on the 2° x 2.5° grid,
took the difference as the component of vertical advection
lost due to spatial degradation, and applied this difference
as a vertical mass exchange velocity (i.e., eddy diffusion)
between adjacent cells. We found that this made negligible
change to the 2?*Rn simulation, implying that the transport
error on our scales is due more to loss of organized convec-
tive motion than to loss of small-scale eddies.
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Figure 8 shows the mean July 2013 convective mass fluxes
from the ¢360 and c48 GEOS-5 simulations globally as ver-
tical profiles (panel a) and at 500 hPa as a function of lati-
tude (panel b). Convective mass fluxes are highest just above
cloud base in the lower troposphere and highest in the north-
ern tropics (ITCZ). The global convective mass flux is 24 %
weaker in the c360 than in the c48 simulation. In the c360
simulation, parameterized convection is less needed because
the organized convective motions are partly resolved. Similar
to the eddy motions, much of this resolved convective motion
is lost when winds produced by a high-resolution GCM are
first temporally averaged in a 3 h archive and then spatially
averaged to a coarse grid.

A possible way to compensate for this lost convective
motion in the meteorological archive is to increase param-
eterized convection in the off-line CTM. A simple approach
would be to increase the archived convective mass fluxes by
an adjustable factor, but this assumes that the archived fluxes
are colocated with the lost convection. A more physical ap-
proach is to recompute the convective mass fluxes on the fly
in the off-line CTM simulation by using the same convec-
tive parameterization (here RAS) as in the parent GCM and
applied to the meteorological archive with the scale-aware
settings configured for the CTM resolution. This approach
incurs little additional computational cost because computa-
tions associated with the hydrological cycle in RAS are not
performed. It may still underestimate the GCM convection
because the archived meteorological fields used by the CTM
are convectively relaxed temporal averages, but this can be
corrected by adjusting the convective parameterization set-
tings.

We implemented the GEOS-5 RAS scheme within GEOS-
Chem in lieu of the archived convective mass fluxes, taking
as input water vapor, temperature, mixing depth, and sur-
face pressure fields from the archived meteorological data.
The RAS scheme outputs the convective air mass flux and
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detrainment flux at every dynamic time step. We then used
these fluxes to drive convective transport in GEOS-Chem,
retaining the GEOS-Chem convective algorithm for con-
sistent treatment of scavenging. Off-line 2° x 2.5° GEOS-
Chem simulations were conducted in this manner using both
¢360 and c48 meteorological fields.

Figure 8 shows the resulting global mean convective mass
fluxes produced by GEOS-Chem at 2° x 2.5° resolution us-
ing RAS to compute the convective mass flux based on
archived meteorological data from the ¢360 and c48 me-
teorological archives. The vertical and latitudinal distribu-
tions closely match those computed in GEOS-5 (simula-
tions 1 and 5, respectively). With ¢360 meteorology, the
RAS-computed convective mass fluxes in GEOS-Chem are
30 % higher globally than in GEOS-5 at that resolution (solid
and dashed red lines), responding as desired to the scale-
aware settings corresponding to the coarser resolution of the
CTM. With c48 meteorology, the RAS-computed convective
mass fluxes in GEOS-Chem are 35 % weaker globally than
in GEOS-5 (solid and dashed blue lines); here the CTM has
the same spatial resolution as the GCM, and the weaker con-
vection is expected from temporal averaging of the meteo-
rological archive as discussed above. The larger difference
between GEOS-5 and GEOS-Chem convective mass fluxes
below 500 hPa compared to above 500 hPa suggests that con-
vective motions penetrating higher altitudes are more likely
to be retained after temporal averaging.

We can increase convection produced by RAS by apply-
ing a temperature perturbation at the surface. On the scale of
global CTMs (hundreds of kilometers), there is substantial
sub-grid variability in moisture and temperature, with con-
vection occurring preferentially over the more buoyant parts
of the grid cell. Using moisture and temperature fields aver-
aged over these large grid cells and over time will result in
RAS underestimating convection. Therefore, we add a tem-
perature perturbation proportional to the vertical temperature
gradient at the surface (applied only when surface temper-
ature is greater than air temperature) to generate increased
thermodynamic instability, an approach that is also used in
the GEOS-5 GCM operating at coarse resolutions. We set a
limit of 3.0 K as the maximum allowable temperature pertur-
bation. This leads to convective mass fluxes that are 2.5 times
as much as the archived values.

Figure 6b shows the effect of including RAS in GEOS-
Chem at 2° x 2.5° resolution using ¢360 meteorology. There
is substantial improvement in the tropics relative to the
standard GEOS-Chem simulation using archived convective
mass fluxes (panel a). Extratropical regions show less im-
provement, as vertical transport is driven more by baroclinic
instability rather than convection.

We further investigated whether spatial averaging of
boundary layer mixing depths from the high-resolution mete-
orological archive could weaken vertical transport in coarse-
resolution off-line simulations. As shown by the diagram in
Fig. 9, spatial averaging of mixing depths prevents boundary
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Figure 9. Effect of averaging high-resolution mixing depths in
coarse-resolution simulations. (a) Mixing at high grid resolution;
the vertical extents of the boxes denote mixing depths and the
dashed arrows illustrate the mixing. Red arrows show the induced
circulation for a chemical tracer emitted at the surface. (b, ¢) Mix-
ing at coarse resolution with mixing depth taken as the average or
the maximum of the high-resolution values.

layer mixing to higher altitudes that would otherwise take
place in part of the domain. This mixing would then drive
a circulation ventilating a larger fraction of the domain to
higher altitudes than specified by the average mixing depth.
To assess the potential magnitude of this effect, we conducted
a sensitivity simulation using the maximum 0.25° x 0.3125°
mixing depth within a 2° x 2.5° grid cell as the mixing depth
for that grid cell. These mixing depths are used in place of the
mean mixing depths in boundary layer mixing and in RAS.
The result is shown in Fig. 6¢. The simulation of surface con-
centrations is improved although there is overcompensation
in the middle troposphere.

6 Conclusions

In this work, we isolated the different sources of transport
errors resulting from performing off-line chemical trans-
port model (CTM) simulations with archived meteorologi-
cal data from a general circulation model (GCM). Errors in-
clude temporal averaging and remapping of the meteorolog-
ical archive, differences in transport algorithms (sometimes
required by lack of information in the archive), and coarsen-
ing of the CTM grid to enable simulations with a large num-
ber of chemically coupled species. We then explored some
possibilities for reducing these errors.

We used as a reference an online simulation of the
222Rn-219pb-"Be chemical tracer suite in the Goddard
Earth Observing System (GEOS-5) GCM at cubed-sphere
¢360 (= 25km) resolution. The operational meteorological
archive from GEOS-5, stored as 3 h averages (1 h for mixing
depths) and remapped onto a 0.25° x 0.3125° (& 25 km) rec-
tilinear grid, provides the standard input to the GEOS-Chem
CTM used by a large research community for atmospheric
chemistry applications. These applications often degrade the
meteorological archive to 2° x 2.5° (&200km) horizontal
resolution (coarse-resolution GEOS-Chem) to make global
chemical simulations computationally tractable. We con-
ducted an ensemble of simulations to document the cascade
of errors involved in going from the online GEOS-5 high-
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resolution simulation to the off-line GEOS-Chem coarse-
resolution simulation. Although our study focuses on a par-
ticular GCM—CTM combination, our findings have relevance
for any CTM driven by meteorology produced at high resolu-
tion. Vertical transport errors are of particular interest and the
222Rn-210pPb—"Be tracer suite is well suited for that purpose.

We first diagnosed the cascade of transport errors in the
222Rn simulation when going from the online 360 GEOS-
5 simulation to the off-line 0.25° x 0.3125° GEOS-Chem
simulation. The error from using temporally averaged con-
vective mass fluxes is relatively small. The errors from
using archived winds and from remapping c360 fields to
0.25° x 0.3125° are both more severe, resulting together in
5-20 % biases. Transport from the boundary layer to the up-
per troposphere is too weak in the off-line model and this
is due at least in part to loss of transient organized advec-
tive motions (resolved convection) in the 3 h averaging of the
meteorological archive.

We then examined the effect of degrading the spatial res-
olution of the meteorological archive from 0.25° x 0.3125°
to 2° x 2.5° for input to the coarse-resolution GEOS-Chem.
This further weakened vertical transport by up to 40 % as or-
ganized vertical motions in the 0.25° x 0.3125° archive were
averaged out in the 2° x 2.5° archive. The weakened verti-
cal transport also affected the lifetimes of >!°Pb and "Be by
5-10 % against deposition.

We explored different possibilities for restoring vertical
transport in the off-line coarse-resolution simulation. Archiv-
ing eddy vertical winds between adjacent vertical layers was
found to be of negligible benefit, indicating that the loss
of nonlocal organized vertical motions is more important.
The spatial averaging of boundary layer mixing depths leads
to underestimates of vertical transport, and this can be cor-
rected by weighting the averaging towards higher values. We
showed that the loss of vertical organized convective motions
could be corrected to some extent by using the online GCM
convection scheme (here the Relaxed Arakawa—Schubert or
RAS) to operate at the coarse resolution of the CTM using
the meteorological archive as input. This improves vertical
transport in the tropics but has little effect at higher latitudes.

Our work has revealed significant vertical transport er-
rors in off-line CTM applications when using meteorologi-
cal archives from a GCM operating at high resolution. Given
these large differences in vertical transport, users examining
the effect of convection on a chemical species should take
care to perform their simulations at sufficiently high resolu-
tion. Those conducting simulations of long-lived trace gases
such as CO; or CHy should also be aware of these errors.

As the resolution of the GCMs continues to increase, the
amount of transport information lost in off-line CTMs will
also increase. This may be corrected, in order of priority,
by (1) applying scale-dependent convective transport param-
eterizations off-line, (2) avoiding remapping of the archive
by archiving on the cubed-sphere grid, (3) using consis-
tent transport algorithms (in the case of GEOS-Chem, Put-
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man and Lin, 2010, rather than Lin and Rood, 1996), and
(4) increasing the frequency of archiving. Of the list, (1) will
only require a minor increase in computational time, (2) and
(4) will increase both data storage and computational re-
sources, and (3) will require no additional resources if (2) is
done. These improvements will benefit off-line simulations
at all resolutions, including high-resolution nested simula-
tions. We plan to include these improvements in future ver-
sions of the standard GEOS-Chem code.

Code availability. The GEOS-Chem source code is freely available
to the public. Source code may be downloaded by following the in-
structions found at http://wiki.geos-chem.org/. At the time of writ-
ing, this work used a modified version of GEOS-Chem version 11-
01 (the most recent public release) as indicated in the text. All de-
velopments presented here will be included in the next public re-
lease (version 11-02) of GEOS-Chem (http://wiki.seas.harvard.edu/
geos-chem/index.php/GEOS-Chem_v11-02). If you wish to access
the code used in this work prior to the public release of version 11-
02, you may do so at https://github.com/kyu0110/geoschem_ras.
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