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Abstract
A 3-year CO; flux dataset, flux source area models, and a geospatial dataset are used to
develop methods to isolate and model individual CO, emissions and uptake processes from
a residential neighborhood in Vancouver, Canada. The methods include conditional sam-
pling of 30-minute fluxes to isolate specific processes and take advantage of changing land
cover due to varying flux source areas to identify surface and environmental controls on net
emissions. Results show that these methods can provide realistic partitioning of the meas-

ured net flux into component processes.
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1. Introduction

There is an increasing need to directly monitor
greenhouse gas emissions from urban areas to
inform and validate inventories and models and
to assess emission reduction efforts. Eddy co-
variance (EC) is a micrometeorological technique
that can directly measure net exchange of trace
gases at local-scales at fine temporal resolution
and there are currently at least 30 urban EC sites
in operation throughout the world [1].

The EC method uses instruments located at a
single point in the surface layer to make meas-
urements that are representative of the net at-
mospheric response to forcings from an upwind
surface area. This surface area influencing the
flux measurement is called the flux source area
and it is constantly changing as a function of wind
direction, atmospheric stability, and lateral dis-
persion qualities of the flow [2].

Although it has been demonstrated that urban
areas can be considered homogeneous at local
scales, dynamic flux source areas in an urban
area can potentially contain constantly changing
distributions of trace gas source and sink pro-
cesses depending on micro-scale configurations
of emission sources and sinks in the canopy lay-
er. Thus, flux measurements are location-
dependent and may not necessarily reflect a true
spatial average [3]. In this kind of environment,
how this location bias be overcome to determine
the ‘true’ ecosystem behavior? How can meas-
urements from different times and different
source areas be compared?

Rather than view location bias as an obstacle,
this paper takes the position that surface variabil-
ity and changing source area composition are
advantages that can be leveraged to gain more
knowledge about the spatial and temporal pat-
terns and processes contributing to net flux
measurements. The objective is to develop
methods to isolate and model individual CO pro-
cesses at fine temporal and spatial resolution

using a long-term CO; flux dataset in combination
with spatial datasets and source area models.

2. Methods

2.1 Sunset eddy-covariance measurements
Net CO, fluxes were measured in the Vancouver
Sunset neighborhood at a height of 28.8 m on an
open, triangular, lattice tower. The surrounding
neighborhood is classified as LCZ 9 ‘open-set
lowrise’ [4] and has been identified as a repre-
sentative residential area in a number of previous
urban energy and water balance studies.

For this work, three years of continuous EC ob-
servations (May 2008 - May 2011) at 30-minute
resolution are available. EC instrumentation con-
sisted of an open-path infrared-gas analyzer (Li-
7500, Licor Inc., Lincoln, NE, USA) and a sonic
anemometer (CSAT 3d, Campbell Scientific, Lo-
gan, UT, USA). Three-dimensional wind veloci-
ties and CO; concentrations were recorded at 20
Hz and fluxes were calculated at 30-minute reso-
lution using block-averaged means, 2-d coordi-
nate rotation, and are corrected for volume and
density fluctuations [5]. Additional micrometeoro-
logical measurements include incoming solar
radiation (26 m, CNR-1, Kipp and Zonen, Delft,
Netherlands), canopy air temperature (T, 2 m,
HMP T/RH sensor, Vaisala, Stockholm, Sweden),
and soil temperature (Ts, -5 cm, thermocouple).

2.2 Sunset neighborhood spatial dataset

In addition to micrometeorological measure-
ments, a suite of remotely sensed geospatial data
was available for this study. A multispectral
Quickbird satellite image taken at 2.4 m resolu-
tion was merged with airborne LiDAR data at 1 m
resolution to extract surface land-cover datasets
for a 2x2 km area at 1 m resolution centered on
the tower [6]. Land-cover classifications used in
this study are: building (Ag), tree (A7), lawn (A.),
and impervious (A)) surface fractions (m? m™).
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2.3 Flux source area models

The micrometeorological and geospatial datasets
are linked through numerical modeling of flux
source areas. The model used for this study re-
quires as input: 30-minute mean wind direction
(measured at the tower), surface roughness
length (determined from surface morphometry
from LiDAR data), measured standard deviation
of the crosswind velocity, and atmospheric stabil-
ity (measured Obukhov Length) [7]. The output of
the model is an individual source area for each
30-minute flux measurement thatis a2 m x 2 m
resolution surface weighted by its probability to
contribute to the measured tower flux. The
weighted source areas can then be overlaid and
multiplied by the landcover dataset to calculate
the landcover composition of each individual 30-
minute source area.

2.4 Linking process and place

It has been shown that the net CO; flux from an
urban environment is the sum of biogenic, an-
thropogenic, and micrometeorological processes
operating across a range of temporal and spatial
cycles [8]. The local CO2 budget for Sunset
neighborhood can be expressed as:

Fc=Ey+Ep+Rp+Rs+ Ry —P) (1)

where F¢ is the total net CO; flux, Ev is emissions
from vehicles, Eg is emissions from buildings, Rx
is human and animal respiration, Rs is below-
ground soil, root, and waste microbial respiration,
Ry is above-ground vegetation respiration, and P
is CO> uptake by vegetation photosynthesis.

With tower-based EC measurements, however,
the actual distribution of these surface source
and sink processes is not known. The distribu-
tion can be inferred through analysis of source
area landcover compositions, but the processes
in Eq. 1 must first be conceptually linked to a
physical area on the surface (Figure 1). Thus
observed changes in source area landcover
composition may be interpreted as controls on
CO2 emissions processes.

Fo =Ey+Eg+Ry+Rs+(Ry—P)
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Figure 1. CO2 emissions processes are linked to
physical space at the surface.

3. Results

3.1 Traffic emissions (Ev)

Ev is expected to be an important emissions
source in this neighborhood and fluctuate on daily
and weekly cycles following commuter traffic pat-
terns. Based on actual traffic count data, the
majority of Ey is also assumed to originate from
busy, arterial roads that grid the neighborhood

approximately every 800 m while the contribution
from small, residential sidestreets is minor.

In order to extract Ey from F¢, 3 road classes
were defined based on road width: residential
sidestreets (Arr), Secondary roads (Agrs), and
Major roads (Arm). Next, individual 30-minute
periods were selected when Tar > 14° C to avoid
emissions from space-heating, and for each hour
(separately for weekdays (M-F) and weekends
(S-S)), a three-dimensional plot was created with
Arm (%) along the x-axis, Ars (%) along the y-axis,
and F¢ (umol m™ 3'1) along the z-axis. A linear
plane was then fit through the 30-minute data-
points and extrapolated to endpoints of 0%
Ars/Arm coverage, and 100% Arm(Ars) coverage
(Figure 2).
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Figure 2. The planar fit Ev model for 9:00 on a
weekday.

For each hour, the value at 0% Ars/Arm is
deemed to be ‘background’ emissions (b = Ry +
Rs + Ry + P). Although b will fluctuate slightly
depending on environmental conditions, the sim-
plifying assumption is made that for each hour, b
remains constant. This is justified because the
various landcover fractions (other than road land-
cover) remain relatively stable during each
measurement, and Ey is at least an order of
magnitude greater than the emission terms that
contribute to b. Thus, for each hour, Ev can be
expressed as:

Eyv =mg - Aps +Mp, - Apm — b (2)

where ms is the planar slope along y-axis and mp,
is the planar slope along x-axis (umol s’ m'z).

3.2 Building emissions (Eg)

Approximately 80-90% of buildings in the Sunset
neighborhood have natural gas heating systems
that generate local CO, emissions. The demand
for space-heating is expected to be primarily de-
termined by T, as long as T, is below some
temperature threshold (Tx). On monthly time-
scales, there is a linear relation between total
emissions and T, [9] and on hourly timescales,
Eg is expected to follow a diurnal course depend-
ing on occupant activity and Tar.
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In order to extract Eg from Fc, for each hour, indi-
vidual 30-minute periods were selected when
landcover fractions of major and secondary roads
were minimal (< 2 %) in order to avoid the majori-
ty of traffic emissions (Ev). This conditional sam-
pling technique was used (rather than statistically
modeling and removing Ey) in order to keep the
Ev and Eg models independent of each other.
Next, to account for different building landcover
fractions within each source area, net Fc was
divided by Ag. This step effectively places all
measured emissions into the building landcover
class and expresses emissions as per unit area
of building only.

The 30-minute scaled Fc values were then
binned into 2° K T, classes and segmented line-
ar regression was used on bin median F¢ values
to determine Ty (Figure 3). When T < Tw, Es
increases linearly with decreasing T, (along a
slope, m) and when T > Ty, Eg remains con-
stant (m=0) (Figure 4). As with the Ev model,
there is some level of background emissions (b)
that is assumed constant for each hour. This b is
composed of Rs + Ry + P which are assumed
negligible when T, < Ty, and also Ry and Ey,
which are assumed to remain constant for each
hour. Thus, for each hour, when T, < Ty, Eg can
be modeled:

Ep =Tair-m (3)
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Figure 3. The segmented linear regression Ep
model for 15:00. For this hour, Ty = 13.4° C and b
=17.3 umol m? s™'. This point is labeled ‘ip’ in the

figure, along with the slope (m) when T <TH,

rmse (umol m* s™), and number of 30-minute
datapoints (n).

3.3 Soil respiration (Rs)

To isolate Rs, nocturnal periods when Tg>TH
were selected for analysis so that P and Eg are
negligible. Additionally, Ev was modeled (Section
3.1) and removed from net F¢, trading model
independence for a greatly increased number of
datapoints available for analysis. The resulting
30-minute Fc measurements were binned in 1° C
Ts intervals and a soil respiration model [10] was
fit to the binned F¢ medians (Figure 4). Although
the Ts range here is limited, previous work in the

Sunset neighborhood used soil respiration cham-
ber measurements over representative urban
lawns that included measurements across a
much broader range of Ts (0° - 30° C) [11]. The
model curve generated from the chamber meas-
urements is shown for comparison against the
curve fit to the EC measurements (Figure 4).

Although the two methods appear to agree quite
well, the chambers were representative of an
area composed entirely of lawn, while the EC flux
source areas were on average only 32% lawn. To
reconcile this difference, the EC soil respiration
curve was multiplied by the source area landcov-
er fraction of lawns (A.). The residual between the
scaled and unscaled curves then must be due to
Ru, Ry, and residual emissions from other pro-
cesses. At 0° C, Ry is assumed to be negligible,
so the difference between the scaled and un-
scaled Rs curves at 0° C is taken to be Ry. The
simplification is then made that Ry remains con-
stant.
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Figure 4. A soil respiration model (solid black
curve) is fit to nighttime binned EC Fc medians
(black dots). A model fit to chamber measure-
ments is shown as a dashed line for comparison.
The green area is the EC Rs model scaled by AL,
the orange area is Ry, and the gray-shaded area
is the residual.

3.4 Photosynthesis (P)

Daytime measurements when T, > Ty were se-
lected to account for the effects of P. Additionally,
Ev, Rs, and Ry were modeled and subtracted
from Fc measurements and the resulting 30-
minute values were sorted by photosglnthetic pho-
ton flux density (PPFD, 100 ymol m® s™ bins). A
photosynthetic light response curve was then fit
to the binned Fc medians [12] (Figure 5).
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Figure 5. Photosynthetic light response curve
(black curve) fit to binned Fc medians (black
dots).

4. Conclusions

Methods to isolate and model individual CO;
emissions processes using net CO, EC flux
measurements, source area models, and surface
datasets have been developed. Each component
was then modeled at hourly resolution over a
complete year from May 2011-May 2012 (Figure
6). This period was withheld from model devel-
opment to be used as a validation dataset.

To compare observations and models, the 30-
minute model results for each emissions process
were scaled by its corresponding land-cover
composition (Figure 1) determined from source
area modeling. It remains to be seen how accu-
rate the individual models are, though compari-
sons against observed daily totals are encourag-
ing (Figure 7).
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Figure 6. Ensemble hourly averages for modeled
Fc processes for an entire year. The water heat-
ing model was not described in the text, but is
derived from the residual emissions from the Eg
model when Tair=Th.
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Figure 7. Comparison of observed and modeled
daily emission totals for May 2011 - May 2012 (r2
=0.78). The 1:1 line is shown in black.
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