JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, D13312, doi:10.1029/2006JD008077, 2007

Click
Here
for
Full
Article

“Designing Lagrangian experiments to measure regional-scale trace

gas fluxes”

J. C. Lin,' C. Gerbig,2 S. C. Wofsy,3 V. Y. Chow,’ E. Gottlieb,> B. C. Daube,’
and D. M. Matross®

Received 27 September 20006; revised 25 February 2007; accepted 19 March 2007; published 12 July 2007.

[1] Knowledge of trace gas fluxes at the land surface is essential for understanding the
impact of human activities on the composition and radiative balance of the atmosphere.
An ability to derive fluxes at the regional scale (on the order of 102~10* km?), at the scale
of ecosystems and political borders, is crucial for policy and management responses.
Lagrangian (“‘air mass-following’) aircraft experiments have potential for providing direct
estimates of regional-scale fluxes by measuring concentration changes in air parcels as
they travel over the landscape. Successful Lagrangian experiments depend critically on
forecasts of air parcel locations, rate of dispersion of air parcels, and proper assessment of
forecast errors. We describe an operational tool to forecast air parcel locations and
dispersion and to guide planning of flights for air mass-following experiments using
aircraft. The tool consists of a particle dispersion model driven by mesoscale model
forecasts from operational centers. The particle model simulates time-reversed motions of
air parcels from specified locations, predicting the source regions which influence these
locations. Forecast errors are incorporated into planning of Lagrangian experiments
using statistics of wind errors derived by comparison with radiosonde data, as well as the
model-to-model spread in forecast results. We illustrate the tool’s application in a
project designed to infer regional CO, fluxes—the CO, Budget and Rectification Airborne
study, discuss errors in the forecasts, and outline future steps for further improvement of

the tool.
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1. Introduction

[2] Fluxes of gaseous species between the land surface
and the atmosphere strongly affect the environment. Radi-
atively active species such as CO,, CHy, and N,O emitted
from human activities are believed to have the potential to
bring about climate change [Intergovernmental Panel on
Climate Change (IPCC), 2001]. Emissions of NO, and
hydrocarbons alter the chemistry of the atmosphere and
lead to production of tropospheric O3 and adverse air
quality [Brasseur et al., 1999]. Evaporation controls the
Earth’s surface energy and hydrological balance, as well as
the dynamics of the atmosphere [Peixoto and Oort, 1992].

[3] Directly measuring the surface sources and sinks for
these gaseous species at the regional scale (10*°~10* km?)
has been challenging [Brasseur et al., 1999; Parlange et al.,
1995; Wofsy and Harriss, 2002]. Complete ground-based
sampling at the relevant scales is difficult due to resource
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limitations and logistical difficulties. Spaceborne sensors
cover regional to global scales, but they are generally less
sensitive to concentration changes in the planetary boundary
layer (PBL) [Liou, 2002], where signals of surface fluxes
are strongest.

[4] Estimates of regional source/sink distributions have
often been derived from scaling up local measurements
[Ehleringer and Field, 1993; Parrish et al., 2002] rather
than relying on direct observations. However, upscaling is
often subject to large errors over a heterogeneous landscape.
Independent estimates are needed to evaluate and test these
upscaling methods.

[5] Lagrangian experiments repeatedly measure concen-
trations of target species in an ensemble of air parcels as
they travel over the landscape [Lin et al., 2004; Lin et al.,
2006]. Such experiments are uniquely suited to provide
direct measurements of regional-scale fluxes that are diffi-
cult to derive from other means. Air parcels are transported
across long distances (several hundred km) over 1 day,
given a typical wind speed of ~10 m/s. Net changes in
concentrations of gaseous species in air parcels as they
travel across the landscape reveal the strength of sources/
sinks along their transport path.

[(] While “Lagrangian experiments’’ may often be
interpreted as “air mass following”, atmospheric disper-
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Figure 1.
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The relationship between backward- and forward-time transport of air parcels, represented by

grey circles and black triangles, respectively. Dispersion causes air parcels arriving at a measurement
location (receptor) to originate from numerous upwind source regions. Backward-time simulations from
Lagrangian particle dispersion models, which model the effects from dispersion, elucidate the source

regions with a single run.

sion causes air parcels originally found within a single air
mass to be separated from one another (Figure 1). Air
parcels separated by dispersion and advected by winds
over hundreds of kilometers necessitate an airborne sam-
pling platform. Aircrafts are especially suited for imple-
menting Lagrangian experiments due to their capability to
carry out three-dimensional sampling and cover the rele-
vant distances.

[7] Implementing Lagrangian experiments requires a
proper tool to forecast the locations of air parcels and their
rate of dispersion in order to plan suitable flight patterns for
the sampling program.

[8] In this paper we describe a tool that incorporates a
particle dispersion model to design Lagrangian experi-
ments for measuring regional-scale sources/sinks of gases.
The tool places special emphasis on meeting the follow-
ing criteria for an effective flight planning tool, described
in detail in the next section: (1) simulation of dispersion,
(2) computational efficiency, and (3) quantitative assessment
of forecast errors.

[v9] To our knowledge, only a single paper [Stohl et al.,
2004] has previously described a modeling system to aid
in Lagrangian flight planning in the troposphere. These
authors have likewise employed a particle dispersion
model, combining it with Eulerian concentration fields to
enable pollution plumes to be followed from North America
to Europe with multiday Lagrangian experiments. Our
paper differs from that of Stohl et al. [2004] in two
important respects: First, we focus on estimating surface
fluxes rather than tracking pollution plumes. Second, we
introduce a new way to assess forecast errors by various
means: incorporating stochastic wind errors, using multi-
model ensembles, and determining the stability of forecasts
derived from runs of the same model at different forecast
times.

[10] We describe in this paper details of the forecasting
tool (section 3), and we illustrate the use of the tool
(section 4) in the CO, Budget and Rectification Airborne
(COBRA) study [Gerbig et al., 2003a], which sought to
measure the regional release and uptake of CO, by the
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