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COMPARfNG MODELED ISOPRENE WITH AIRCRAIT-BASED MEASUREMENTS
IN THE ATMOSPHERIC BOUNDARY LAYER

WeigangGao and Paul V. Doskey
Environmental Research Division, Argonne National Laboratory,Argonne, IL 60439

INTRODUCTION

Nonmethanehydrocarbons (NMHCS)are involved in a complexseries of reactions that regulate the Ievelsof
oxidants in the troposphere. Isoprene (C5H8),the primary NMHC emitted from deciduous trees, is one of the most
important reactive hydrocarbons in the troposphere. The amount of isoprene entering the free troposphere is
regulated by the compound’s rate of emission from leaves and by chemical and physicaI processes in the forest
canopy and the atmospheric boundary layer (ABL). This study uses a coupledcanopy-ABL model to simulate these
complex processesand compares calculated isopreneconcentrationprofdes with those measuredduring aircraft flights
above a forested region’in the northeastern United States. Land use information is coupled with satellite remote
sensing &ta to describe spatial changes in canopy density during the field measurements. The high-resolution
transport-chemistry model of Gao et al. (1993) for the ABL and the forest canopy layer is used to simulate vertical
changes in isoprene concentration due to turbuientmixing and chemical reactions. The one-dimensional (l-D) ABL
modeI includes detailed radiation transfer, turbulent diffusion, biogenic emissions, dq deposition, and chemical
processes within the fore+wcanopy and the ABL. The measuredprofdes are comparedwith the model simulations to
investigate the biological, physical, and chemicalprccesses that regulate the levels of isoprene within the ABL.

MODEL

The 1-D model includes parameterizationsof emissions, dry deposition, chemical reactions (69 in all), and
turbulent transport for 34 reactive trace gases. Concentrationsand fluxesare simulatedat a fine resolution withii the
canopy and ABL (Gao et al. 1993; Gao and Wesely 1994). The uptake of inorganicgases (03, N%, HN03, H2~,
etc.) and the emission of isoprene by individual leaves are described in relation to stomatal funcuoning, which 1s
regulated by photosynthetically active radiation (PAR) and air temperature. The canopy leaves are specified by leaf
area index (LAI). The total canopy uptake and emissionare obtained by in~grating over all canopy leaves according
to changes in PAR within the canopy. In addition to the 45 reactions used to describe basic NOX-03
photochemistry, the model describes the reactions of isoprene with 03 and OH radicals and the reactions for
associated oxidation products. The vertical mixing is described by using 1-D diffusion equations for each trace gas
and the prescribed vertical distribution of turbulent diffusivity. The depth of the ABL, identified by examining the
measuredvertical profiles of temperature, is used to estimate the ABL turbulentdiffusivity empirically.

For this study, a new component was added to the model to estimate canopy density or LAXfrom satellite-
derived remote sensing data. The simple algorithm of Gao and Wesely (1995) was used to infer the LAI values for
the forestsover the area of the aircraft flight path from the spectralreflectance in the red and near-infraredwavebands
of the advanced very high-resolution radiometers (AVHRRS) onboard the National Oceanic and Atmospheric
Administration(NOAA)polar-orbiting satellites.

RESULTS

Site Characterkation and Emission Estimates Based on SatelliteData

Horizontal and vertical changes of isoprene concentrationand other trace gases in the ABL were measured
from the Battelle G-1 aircraft (Spicer et al., 1994) during the North American Research Strategy for Tropospheric
Ozone (NASTRO)-Northeast 1996 Summer Ozone Study. Samples for hydrocarbon analysis were collected in
stainless steel canisters and analyzed in a field laboratory by a cryogenic preconcentrationfiigh-resolution gas
chromatographic technique (Fukui and Doskey 1996). Figure 1 (Ieft) shows the land use map for the area
encompassing the flight track (42.25=$3.0°N and 71.8-72.6° W). The solid line indicates the flight track of the G-1
aircraft during a horizontal transect flown about 500 m above the ground on 5 July 1996. Two vertical profiles of
03 and isoprene, measured over the Harvard Forest in Petersham, Massachusetts (42°32’ N, 72°11’ W), are used
here. The gray area in the map is indicative of deciduous forest, the black area is crophmd/pasture, the white area at
the southwest end of the flight track is a water reservoir, and the orherwhite pixels represent mixed forests. Figure 1
(right) shows the composite normalized-difference vegetation index (NDVI) derived from the tiily AVHRR data
obtained from the NOAA-14 satellite. The NDVI value is defined as the surfacereflectancein the near-infrared band
minus the reflectance in the red band, normalized by their sum. Because a green leaf absorbs most of the incident
radiation in the red band and reflects strongly in the infrad region, the difference between these two wavebands
provides a good indication of the amount of green leaves. To avoid cloudy pixels, seven daily maps of NDVI (l-7
July 1996) for an area of 62 x 66 pixels at l-km resolution were combined,and maximumNDVI values were chosen
to represent the vegetation condition for each pixel. This method is based on the observation that clouds have
distinctly smaller NDVI (often negative) than land surfaces in summer and on the assumption that the condhion of
the vegetation does not change significantly during a period of one week in midsummer. The composite NDVI
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values for the “cloud-free”pixels were then modified to account for atmosphericattenuation by using a linear scaling
method. The land use map and the NDVI map were combined to estimate the emission of isoprene from the
terrestrialvegetationin the area. The formerprovided information to determinespecies-dependentparameters,while
the latter was used to estimate the leaf density at the time of the aircraft measurements.
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Figure 1.Land use map (left) and satellite-derivedvegetationindex (right)for the study ma.

The rate of isoprene emission from a forest canopy is estimated on the basis of the integration of leaf
emissiondescribedby the followingempirical function developedby Guentheret al. (1993):

‘T acLIIPAR d!Fko = &CTFm J

TO I+a IPAR
(1)

Here f represents leaf layers from the canopy top into the canopy, Lw is the foliar density, CT is the temperature-
dependentempiricalparameter,Fm is the foliaremission under a standard levelof temperatureand radiation,LT is the
canopy total LAI, u and -CL1are empirical constants, and IpAR is P/lR at different levels within the canopy. By
using the followingsimphfied parameterizationof radiation transferwithin the plant canopy

~PA.R= ~$ARexp(-KL), (2)

the followingamlytical solution for equation (1) was obtained

Here I~A is the incident PAR above the canopy and K is the light extinction coefficient, which depends on the
canopy shcture and optical characteristics of plant leaves. The values of rhe empirical coefficients used by
Guentheret al. (1995) for different land use types were used in our calculation.

Figure 2 shows the spatial distribution of LAI, estimated from satellite-derived NDVI, and the estimated
isoprene emission rates for the study area. The isoprene emission rates exhibit large spatial variations at the l-km
resolution level but are within the range of estimates by Geron et al. (1994) for the northeastern United States. The
variationscan be attributed to variabilities in land use type (primarilydeciduous forest and crop/pasture land) and to
variabilitiesin canopy density witiin the same land use type. Changes in vegetationdensity that cannot be described
by the fixedland usedata azedetectedby fheAVHRRNDVI data.
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Figure 2. Estimated canopy leaf area index (Ml) (left) and canopy isopreneemission rate (right).

Vertical Concentration Profiles

The numerical simulation was carried out for the conditions on 5 July 1996 at approximately 1300 EST.
Initial isoprene concentration was set to be zero and initial 03 concentration was set to be 60 ppbv, which was
measured at the top of the ABL. The vertical distribution of turbulent diffusivity was estimated by using an
emptied method, the ABL depth, and measurements of diffusivity near the top of the forest canopy. The model was
run for 60 min to allow adequate verdcal mixing within the ABL and the underlying canopy. Figures 3a and 3b
compare modeledconcentration profiles of isoprene and 03, respectively,with the measuredprofiles from a height of
500 m to the top of the ABL (estimated as about 2000 m from the measured temperature profile). Figure 3C
compares the modeled 03 concentration with measurements within the Harvard Forest. As Figure 3a shows, the
isopreneemissions were transpxted upward, increasingthe isopreneconcentrationin the ABL and producinga strong
vertieal gradient, particularly, in the lower portion of the ABL. Increasing canopy LAI or emission rate, can cause a
significant increase in isoprene in the ABL. With the emission rate estimated with LAI value of 3.0 for the apa near
the HarvardForest, the simulation for the reactive case produces concentrationsclose to the correqxmdmg measured
values in the middle and upper portions of the ABL. The simulation for the nonreactive case, however, produces a
profile with isoprene concentrations higher than measured values in the layer from 500 m to the upper A13L.
Comparing the profiles between the nonreactive and reaetive eases indicates that the chemical processes reduce the
isoprene concentration in the ABL, because of a loss of isoprene due to chemical reactions involving 03 and OH.
The predicted concentrations of isoprene decrease from about 20 ppbv within the canopy to values of less than 10
ppbv above the canopy, which are within ranges of measured values. The high concentrationsof isoprenewithin the
canopy may be attributed to the weak vertical mixing between the lower atmosphere and air deep within the canopy,
which allows isoprene emissions from the txte crown region to accumulate inside the canopy.

Figure 3b compa.nx the predicted 03 profiles, by using the measured concentration at the top of the ABL,
with the measured profiles. The mwumredconcentrations are nearly invariant with height from 500 m to the top of
the ABL, indicating a well-mixed layer. The predicted 03 concentrationsdecreasesharply n~ the surfacebecauseof
uptake by the forest canopy. The mcdeled 03 profiles within the canopy (13gure3c) are similar to those measured
within the Harvard Fores~ The difference in the shape of profdes near the ground level and near the canopy top may
be attributed to an inaccuratedescription of the vertical variation in leaf distribution.
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