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Abstract

This is the second part of a two-part paper considering network design based on a La-
grangian stochastic particle dispersion model (LPDM), aimed at reducing the uncer-
tainty of the flux estimates achievable for the region of interest by the continuous ob-
servation of atmospheric CO, concentrations at fixed monitoring stations. The LPDM
model, which can be used to derive the sensitivity matrix used in an inversion, was
run for each potential site for the months of July (representative of the Southern Hemi-
sphere Winter) and January (Summer). The magnitude of the boundary contributions
to each potential observation site was tested to determine its inclusion in the network
design, but found to be minimal. Through the use of the Bayesian inverse modelling
technique, the sensitivity matrix, together with the prior estimates for the covariance
matrices of the observations and surface fluxes were used to calculate the posterior
covariance matrix of the estimated fluxes, used for the calculation of the cost function
of the optimisation procedure. The optimisation procedure was carried out for South
Africa under a standard set of conditions, similar to those applied to the Australian test
case in Part 1, for both months and for the combined two months. The conditions were
subtly changed, one at a time, and the optimisation routine re-run under each set of
modified conditions, and compared to the original optimal network design. The results
showed that changing the height of the surface grid cells, including an uncertainty es-
timate for the oceans, or increasing the night time observational uncertainty did not
result in any major changes in the positioning of the stations relative to the basic de-
sign, but changing the covariance matrix or increasing the spatial resolution did. The
genetic algorithm was able to find a slightly better solution than the incremental opti-
misation procedure, but did not drastically alter the solution compared to the standard
case. Including correlation appeared to increase the spread in the layout of the sta-
tions. Increasing the surface resolution tended to clump the stations around areas of
high activity. In conclusion, the specification used in an optimal network design should
be chosen to best match the conditions under which an inversion would be run for the
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region of interest. Increasing the spatial resolution beyond that which the given net-
work size could reasonably resolve may lead to a network which would ignore small
areas of high activity and reduce the capacity of the network to resolve fluxes for sub-
regions in the domain of interest. Overall the results suggest that a good improvement
in knowledge of South African fluxes is available from a feasible atmospheric network
and that the general features of this network are robust to many reasonable choices in
a network design study.

1 Introduction

It has become essential to accurately estimate the emission and uptake of CO, around
the globe. Greenhouse gases affect the absorption, scattering and emission of radi-
ation within the atmosphere and at the Earth’s surface (Enting, 2002; Denman et al.,
2007). Of these gases, CO, contributes the greatest forcing on the climate (Canadell
et al., 2007). Monitoring CO, sources and sinks is necessary for determining the best
course of action to mitigate Climate Change. The method of inverse modelling can be
used to estimate the magnitude of sources and sinks of CO, at different temporal and
spatial scales (Enting and Mansbridge, 1989; Rayner et al., 1999; Rédenbeck et al.,
2003; Chevallier et al., 2010). This method relies on precision measurements of atmo-
spheric CO, to refine the prior estimates of the fluxes. Using this theory, an optimal
network of new measurement sites for atmospheric CO, concentrations from a list of
potential sites can be derived.

Measurements over Africa are much sparser compared to other continents. Only the
Cape Point Global Atmospheric Watch (GAW) station has a long term CO, concen-
tration record, measuring since 1992. This tower was located at Cape Point (34.35° S,
18.49° E) predominantly to record baseline measurements of well-mixed, clean air orig-
inating over the Southern Ocean. A study by Whittlestone et al. (2009) demonstrated
that it would be difficult to improve estimates of terrestrial CO, fluxes for southern
Africa using the Cape Point station alone. In 2012, an atmospheric observatory was in-
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stalled near the Gobabeb Training and Research Centre, on the west coast of Namibia
(22.55° S, 15.03° E), which continuously measures trace gases, including CO, (Morgan
et al., 2012). To build on this rudimentary existing network, and to improve estimates
of CO, fluxes at least for South Africa, high precision instruments for measuring CO,
concentrations have been purchased, and are to be installed at sites across South
Africa. To maximise the impact of these stations on the estimation of CO, over South
Africa, an optimal network design can indicate the best placement of new stations to
reduce the uncertainty of the source and sink estimates. Part 1 of this paper conducted
a similar study for Australia on how to improve its current observation network (Ziehn
et al., 2014).

An optimal network design has two basic requirements: an inversion algorithm, which
is used to calculate the quantity which is to be optimised, and an optimisation proce-
dure, for selecting between possible elements in the network (Rayner, 2004; Lauvaux
et al., 2012). Part 1 of this paper sought to reduce the uncertainty of Australian ter-
restrial fluxes by 50 %, and began by considering the addition of new stations to the
existing base network (Ziehn et al., 2014). Similarly, the Cape Point and Gobabeb sta-
tions make up a base network of CO, monitoring stations for southern Africa, and this
optimal network design will provide a theoretical study on the optimal locations of new
stations within South Africa. The optimal network will add five measurement stations
to best reduce the uncertainty in flux estimates across the country, and under the as-
sumption of continuous, hourly measurements of CO, concentrations.

The score index for the optimisation procedure is based on the posterior covariance
matrix estimated through the inversion. The calculation of the posterior covariance ma-
trix, which describes the uncertainty of the estimated fluxes from the Bayesian inversion
procedure, does not require any knowledge of the measured concentrations or of the
prior fluxes, only on the prior covariance matrix of the fluxes, the covariance matrix of
the concentrations, and the transport matrix, which are all determined independently.
By basing the cost function of the optimisation procedure on the result of the posterior
covariance matrix for a given network, this score can be optimised such that the uncer-
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tainty in the estimated fluxes is reduced. Two non-parametric optimisation procedures
will be considered to optimise the cost function, namely the genetic algorithm (GA) and
the incremental optimisation (10O) procedure.

In addition to providing an optimal network design for South Africa, this paper will
consider a number of sensitivity analyses of the parameters and choices which are
necessary in running an optimal network design. In order to run the transport model to
generate the influence function required in the inversion, a number of arbitrary choices
in parameter values of the Lagrangian Particle Dispersion Model (LPDM) are neces-
sary, such as the choice of the height of the surface layer and the size of the surface
grids during the post-processing of the LPDM results (Lauvaux et al., 2012). In the
construction of the covariance matrix for the prior fluxes, just as for a normal inversion
procedure, choices need to be made regarding the size of the variances and the cor-
relation lengths (Wu et al., 2013). Optimal network designs will be run under subtle
changes to these choices to determine the impact this has on the choice of placement
of new measurement stations.

2 Methods and the South African test case
2.1 Surface flux inversion

The Bayesian synthesis inversion method, first proposed by Tarantola (1987) and used
for the network design in this paper, is the most commonly used formulation in the liter-
ature (Rayner et al., 1996, 1999; Bousquet et al., 1999; Kaminski et al., 1999; Gurney
et al., 2002, 2003; Peylin et al., 2002; Law et al., 2003; Baker et al., 2006; Ciais et al.,
2010; Enting, 2002). The inversion method is explained in more depth in the first part
of the paper (Ziehn et al., 2014) The observed concentration (c) at a measurement
station at a given time can be expressed as the sum of different contributions from
the surface fluxes, from the boundaries and from the initial concentration at the site.
For the purposes of the network design, the initial concentrations are ignored since it is
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assumed that these concentrations are well constrained by the observations and there-
fore contribute very little to the flux uncertainty. The contribution from the boundaries
has to be assessed and if the influence on the flux uncertainties is not negligible then
the boundary conditions have to be included in the network design process.

A simple linear relationship can be used to describe the relationship between the
modelled concentrations and the contribution from the sources (surface fluxes and
boundary inflow):

Croq = TF (1)

The vector of the modelled concentrations ¢,,,.q is @ result of the contribution from the
sources f, described by the transport or sensitivity matrix T. In earlier inversion exer-
cises, T was referred to as Green’s function and was the Jacobian matrix representing
the first derivative of the modelled concentration at the observational site and dated
with respect to the coefficients of the source components (Enting, 2002). If we assume
a Gaussian error distribution for the surface fluxes and concentrations we obtain the
following cost function for our least square problem:

I8 = 5 ((Croa = O €5 (€moa = ) + (F = 10 €, (F = o)) @
where C. is the error covariance matrix of the observations, f is the vector of prior
flux estimates, f is the vector of predicted fluxes and C; is the prior error covariance
matrix of the surface fluxes. The Bayesian cost function minimizes both the difference
between modelled concentrations and measurements and the difference between prior
flux estimates and predicted fluxes.

As described in (Ziehn et al., 2014), for the network design approach we are only
interested in the posterior covariance matrix of the predicted fluxes, since our aim is
to obtain a network that reduces the CO, flux uncertainties. The posterior covariance
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matrix can be calculated as follows (Tarantola, 1987):
-1
¢ = (1T7¢;'T+c;)) (3)
-1
-c,-c, T (TCfOTT + cc) TC, (4)

The use of the posterior covariance matrix is possible because it is obtained without
the vector of observed concentrations ¢ or the vector of prior fluxes f,, which means
that it is possible to assess the contribution that a hypothetical station can have on the
reduction of the flux uncertainty without the need to generate synthetic data or make
unnecessary assumptions about the measurements. It only depends on the transport
model, the prior flux uncertainties and observational uncertainties.

2.2 Prior covariance matrices

The elements of the prior covariance matrix need to be constructed from the best avail-
able knowledge of sources and sinks on the surface and at the boundaries. Lauvaux
et al. (2008) carried out a mesoscale inversion on synthetic data and their approach
was to obtain the elements of the observational covariance matrix by comparing mod-
elled values of CO, to aircraft and tower data that was available for the four day period
under assessment. They found the largest difference to be approximately 3 ppm, and
set the diurnal observation error to be 4 ppm, taking into account uncertainty in LPDM.
For the prior covariance matrix of the fluxes, the error was set at ZQCm‘2 day'1 for
the surface and 4 ppm for the boundaries, and they assumed uncorrelated flux errors
on the domain (no spatial correlation). This was further developed by Wu et al. (2013)
who used available data to fit hyperparameters, which were the variance and correla-
tion lengths of the prior flux and observational error matrices.

The approach of Chevallier et al. (2010) to obtain the elements of the prior flux co-
variance matrix was to set the standard deviations of the fluxes proportional to the
hetrotrophic respiration flux of land-surface model ORCHIDEE. This is the approach
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adopted for the variance elements of the covariance matrix in the case of the South
African optimal network design, where we use a recent carbon assessment study
by Scholes et al. (2013) which produced monthly maps of gross primary productivity
(GPP), net primary productivity (NPP), hetrotrophic respiration (Rh), autotrophic respi-
ration (Ra) and net ecosystem productivity (NEP) for South Africa. Of these products,
most confidence lay in the GPP product. Since there was more confidence in the NPP
estimates than in the Rh estimates, and since NEP = NPP - Rh and in a balanced sys-
tem NEP should be a small flux (Lambers et al., 2008), NPP was used rather than
Rh. Following Chevallier et al. (2010), the biosphere flux uncertainties for a particular
month are estimated using the following simple relationship:

: min(2890m'2week'1,NPP) if South Africa 5
ONEP = min(28ng'2week‘1,max(NPP)) if not South Africa ®)

As a conservative assumption, areas outside of South Africa, where there were no
estimates available for NPP from the carbon assessment product, were assigned the
maximum value obtained in South Africa for that particular month. This would also have
the added benefit of increasing the importance of measurements near the terrestrial
borders of South Africa so that the final network can give an adequately resolved so-
lution for South Africa. The carbon assessment product produced monthly outputs for
all the products. These products were converted into daily values. Since Ra and GPP
were also available, and NPP = GPP - Ra, day time NPP and night time Ra were ob-
tained by assuming that all the GPP took place during the day, and half of the Ra took
place during the day and half at night. This meant that the day time NPP values tended
to be larger in magnitude than the night time Ra values, which is what we would expect
for the South African systems. The daily values are accumulated to one week to give
the final uncertainty values used to construct the prior flux covariance matrix. The day
time NPP and night time Ra values used to obtain the NEP uncertainties are plotted
for July and Januray (Fig. 1). In South African systems it is expected that much more
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activity occurs during the Summer months compared to the Winter months, with the
consequence that the uncertainty during the Summer months is considerably larger.

Chevallier et al. (2010) assumed that the fluxes were not independent, but included
temporal correlations which decayed exponentially with a length of one month, and that
spatial correlations followed an e-folding length of 1000 km. As in Part 1 (Ziehn et al.,
2014), the covariance matrices for the observations and prior fluxes are assumed to be
diagonal for the basic network design, but during the sensitivity analysis, the impact of
the off-diagonal elements is considered.

Since the domain of the network design includes the fossil fuel sources of South
Africa, fossil fuel uncertainties need to be derived as well. As for the Australian test
case (Ziehn et al., 2014), these uncertainties were derived from the Fossil Fuel Data
Assimilation System (FFDAS) (Rayner et al., 2010). Ten realisations for the year 2010
were obtained from the FFDAS product at the original resolution of 0.1° x 0.1°. The
fluxes were aggregated to our network design resolution of 1.2° x 1.2° and then the
variance calculated for each pixel. Since the emissions from fossil fuels are usually
localised, such as those at power plant locations, the variability in the fossil fuel emis-
sions is quite large. But, as shown by Ziehn et al. (2014), the effect of aggregating the
data smooths the fossil fuel emissions over the network design domain, and this leads
to a reduction in the variability between the different realisations of the FFDAS. Figure
2 shows that the uncertainties for the ten realisations based on the original 0.1° x 0.1°
resolution have much larger maximums for individual grid cells than the uncertainties
calculated for the aggregated fluxes. The effect of using a higher spatial resolution for
the surface grids is considered in the sensitivity analyses.

Finally, for the basic network design, the prior error covariance matrix of the land
surface fluxes are estimated as the diagonal matrix, where the diagonal elements are
the sum of the variances of the biospheric fluxes and the fossil fuel emissions for that
pixel, multiplied by the fraction of the pixel covered by land, separately for day and
night. By multiplying with the land fractions we guarantee that the prior uncertainties
for coastal grid cells are scaled accordingly and ocean only grid cells are set to zero,
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since the NEP and fossil fuel products only apply to the land surface. In the network
design under the standard case, we keep the uncertainties of the ocean-only pixels set
to zero, since our focus is on reducing the flux uncertainty over land.

Observational uncertainties are set to 2ppm for all existing and potential stations.
The actual measurement uncertainty at the sites has a much smaller uncertainty, but
this is conservatively increased to account for uncertainty in the transport model. Again,
the uncertainties are specified in terms of their standard deviation and we assume
no correlations among the uncertainties of different observations. In this way C; also
becomes a diagonal matrix. In the sensitivity analysis, a doubling of the night time
uncertainty in the observations is considered.

2.3 Lagrangian Particle Dispersion Model (LPDM)

To determine “where” and “how much of” a particular source a measurement site sees
at a given moment, the influence function or transport matrix T is required. This matrix
can be directly obtained from running a Lagrangian Particle Dispersion Model (LPDM)
in backward mode. An LPDM simulates the release of a large number of particles from
arbitrary emissions sources by tracking the motion of the particles (Uliasz, 1993, 1994).
The model can be run backward in time, in receptor-orientated mode, to calculate the
influence functions for a given receptor, as described in Ziehn et al. (2014). In this
mode, the particles are released from the measurement locations and travel to the
surface and the boundaries (Lauvaux et al., 2008; Seibert and Frank, 2004).

LPDM is driven by mean horizontal winds (v, v), potential temperature, and tur-
bulent kinetic energy (TKE). In the case of the South African network design, these
variables are produced by the CSIRO Conformal-Cubic Atmospheric Model (CCAM),
a global circulation model. CCAM is a two time-level semi-implicit hydrostatic primi-
tive equation developed by McGregor (1987) and later described by McGregor et al.
(2001), which utilises semi-Lagrangian horizontal advection with bi-cubic spatial inter-
polation, with total-variation-diminishing vertical advection (Engelbrecht et al., 2009;
Whittlestone et al., 2009). In the South African case, the CCAM has been setup so
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that it produces output at an hourly time step and at a 0.15° spatial resolution (approx-
imately 15km by 15 km) over South Africa. The domain extends far beyond the South
African border, from 10°S to 40° S and from 0°W to 60° E. Meteorological inputs for
LPDM are generated for two months; January in Summer and July in Winter. For a four
week period during each of these months, the LPDM is run for each of the hypothetical
measurement sites.

We use the LPDM originally proposed by Uliasz (1994), which we run in reverse
mode for each hypothetical measurement station we would like to include in the net-
work design process. In our setup for the model, particles are released every 20 s for
a total of four weeks for two example months and the particles position is recorded in
15 min intervals. Particles that are near the surface are counted for each grid cell to de-
termine the surface influence or sensitivity. The determination of when a particle is near
the ground will form part of the sensitivity analyses conducted for this paper. These par-
ticle counts are used to calculate the source-receptor (s—r) relationship which forms
the transport matrix T. Here, we follow Seibert and Frank (2004) to derive the elements
of that matrix. As described in Ziehn et al. (2014), we modify the approach of Seibert
and Frank (2004) to account for the particle counts which are produced by our LPDM
model as opposed to the mass concentrations which are output by the LPDM used
by Seibert and Frank (2004). The resulting s—r relationship between the measurement
site and source / at time interval n, which provide the elements of the matrix T, is:

_ N
ox _ ATg( '“)29x106, 6)

3G, AP \ Ny /)12

where y is a volume mixing ratio (receptor) expressed in ppm and g;, is a mass flux
density (source), N, the number of particles in the receptor surface grid from source
grid / released at time interval n, AT is the length of the time interval, AP is the pressure
difference in the surface layer, g is the gravity of Earth, and N, the total number of
particles released during a given time interval.
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For the network design we are interested in weekly fluxes of carbon divided into day
and night time contributions, which means that we have to provide the particle count N,
as the sum over one week (AT = 1 week (day/night)). Therefore, the mass flux density
Gin in Eq. (6) has units of kng'2 week ™" for the day and similarly for the night.

For the basic network design, the surface layer height is set to 50 m which corre-
sponds to approximately 595 Pa (AP). If we assume well mixed conditions, then the
source—receptor relationship should be independent of the thickness of the surface
layer as long as the layer is not too deep (Seibert and Frank, 2004).

2.4 Influence from outside the modelled domain

Since the surface sources are expressed as fluxes in carbon, the contribution to the
concentration at the measurement site is expressed in the amount of carbon seen at
the measurement site from a particular source. In the case of the boundary sources (or
contributions from outside of the domain) which are given as concentrations, their con-
tributions to the concentration at the measurement site are expressed as a proportion
of their concentration, dependent on their influence at the receptor site. Part 1 (Ziehn
et al., 2014) shows that by calculating the Jacobian which provides the sensitivities of
observed concentrations to boundary concentrations, the boundary contribution can
then be written as:

Cb = MBCB (7)

where Mg is the Jacobian and ¢, the boundary concentrations. If the elements of Mg
are large enough it may be necessary to include the boundary conditions in the network
design.

For the network design, four boundaries (north, south, east and west) were used
and we calculated the sensitivity of hourly observed concentrations to weekly bound-
ary concentrations. To determine if the boundary influence should be included in the
network design, we need to know whether the uncertainty contributed by the boundary
concentrations is significant compared to other contributions. To see this we calculate
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Mg for each station. Assuming concentration uncertainties of 1 ppm at the boundary
(reasonable for the Southern Hemisphere) this yields:

Cp, = MgC\M], (8)

where C, is the identity matrix. The diagonal elements of C, provide us with the un-
certainty contribution of the boundary concentrations to the uncertainty of simulated
concentration at each station. If they are much smaller than the observational uncer-
tainty we can neglect boundary influences in the network design.

Using the same idea, but calculating the sensitivities in Mg as described in Sect. 2.1,
a test can be carried out to determine the influence on a station from ocean pixels or
terrestrial pixels outside of South Africa.

2.5 Optimisation and ground based measurement stations

The aim of the network design is to find the set of stations that minimizes the flux un-
certainty over a certain region. Currently the network for southern Africa consists of
just two stations, one at Cape Point and the other at Gobabeb. Hypothetical stations
were selected from a regular grid over South Africa, resulting in 36 equally spaced
locations (Fig. 3). Five new instruments are potentially available for deployment. Ulti-
mately, the exact location of the stations will be determined by practical considerations,
such as making use of existing infrastructure and manpower, the relative safety of the
instruments, and the accessibility of the sites.

The optimisation of the network is achieved by calculating the transport matrix T for
the hypothetical stations and constructing the posterior covariance matrix C; as de-
scribed above. Then based on the results of an optimisation routine, the set of five sta-
tions which best reduces the posterior uncertainty are selected as the optimal network.
Two alternative optimisation routines have been used in the literature. The incremen-
tal optimisation (IO) routine, as used for the Australian network design (Ziehn et al.,
2014), is used for the basic network design. To determine the impact of the choice of
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optimisation routine, the genetic algorithm (GA) is also considered during the sensitivity
analyses.

The overall uncertainty in fluxes can be expressed in two different metrics. Either
through obtaining the trace of C; (cost function Jg;) or by summing over all the elements
of C; (cost function Jg,):

Jot =\ >C, (9)
=1

C:
\Z 2%

j=1

(10)

M=

JCe =

where n is the number of elements in the diagonal of C;. In the first case we consider
only the uncertainty of the fluxes estimated at the source regions, aiming to minimise
the average uncertainty across source regions. In the second case, the uncertainty of
the total flux estimate of the target region is considered, since the variance of the sum
of correlated variables is equal to the sum of the covariances and variances of these
variables. There is no clear answer as to which of these is the best cost function for
the determination of overall uncertainty reduction, so as for Part 1 (Ziehn et al., 2014),
we use Jg, as the cost function for the basic design, and we then have a case under
the sensitivity tests where Jg; is used instead. In the South African test case, because
the domain contains terrestrial regions outside of South Africa, we only include the
elements of C; which are within South Africa.

In the 10 scheme we obtain the s—r relationship for each of the hypothetical stations,
which represents the sensitivity of hourly observations to weekly fluxes, and then con-
struct C;. We add one station at a time from the candidate list to our base network of
two stations and calculate C;. We choose the station that gives us the smallest cost
function value and add it to the network, simultaneously removing it from the candidate
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list. We then repeat the process until we reach the number of instruments we have
available (five).

For the basic network design, we use a resolution of 1.2° x 1.2° (i.e. resolution for
the flux uncertainties) and consider weekly fluxes divided into day time (84 h a week)
and night time (84 h a week). We also assume that observations (CO, concentration
measurements) will be available from all stations from the candidate list and the base
network at an hourly time scale.

We evaluate the different networks in terms of the uncertainty reduction:
Up =1 T

JCe base

(11)

where Jg, is the optimal cost function value and Jg, p,se the cost function value based
on the posterior uncertainties if just the base stations are included.

Although 1O is expected to be more computationally efficient, optimisation through
a GA would also be well suited for this kind of problem, considering that this network
design for South Africa is starting essentially from scratch. The GA is highly parallel
and we can therefore take advantage of high performance computing.

The approach used to run the GA during the sensitivity analyses is adopted from
Rayner (2004). GA procedures are a class of stochastic optimisation procedures for
any numerical algorithm which calculates a score based on a function of inputs. In this
case the algorithm calculates a score based on the uncertainty in the estimated fluxes,
given a set of stations. A genetic algorithm does not optimise based on a single so-
lution, but rather by improving a population of solutions, from which a final solution is
selected. New members are added to the population through a process of loss of mem-
bers which are not sufficiently fit (culling), pairwise combination of previous members
(cross-over), and random changes to members (mutation). This represents “survival of
the fittest” and pairwise reproduction and mutation in biological populations.

In this implementation of the genetic algorithm elitism is maintained by keeping the
best solution from the previous population, without making any changes through cross-
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over or mutation on this member. The algorithm converges once a given number of
iterations is reached, or once a convergence criterion is met. The solution with the best
fitness criterion is then selected from this population, where the fithess F is calculated
as:

_r—0.5

F=1 (12)
where r is the ordinal ranking of the member and N is the population size, which in
the South African test case was taken to be 50 members. A pseudorandom number
X is generated and members are then deleted, or culled, if the value of F is less than
the x. The culling process will remove about 50 % of the population members. These
need to be regenerated to get the population back to the required size. Members are
selected at random from the remaining population, and based on new pseudorandom
number, members are duplicated if their fithess score is above this random number.
Sampling is with replacement, so the members with the highest fithess have a good
chance of being duplicated more than once. This continues until all the culled members
have been replaced and the population size is back to N.

The genetic algorithm requires a trade-off between the diversity in the solutions,
ensuring that the algorithm does not get stuck in local extrema, and strong enough
selection to ensure that the population moves towards the optimum solution. This is
achieved by adjusting the mutation rate — high enough to produce diversity in the solu-
tions, but low enough to ensure that members with high fithess persist and so ensure
a tendency towards the optimum solution. From previous work (Rayner, 2004) a good
mutation rate for network design was found to be 0.01.

The population size and number of iterations affects the computation time of the
algorithm. A large population size is favourable because this ensures diversity in the
solutions. The more iterations that take place, the more solutions the algorithm can
assess and the better the chance of finding the global minimum. High values for both
of these parameters results in long computation times.
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3 Sensitivity analysis

Since the output of the network design could be significantly altered by making different
choices in the setup of the transport model, inversion and prior information, the second
part of this paper considers the sensitivity of the network design to alternative choices.

3.1 Surface height

In the post-processing step of the LPDM runs, the particle counts are determined for
a given spatial and temporal resolution. In addition to the x y dimensions of the surface
grid boxes, the height of the surface box (or thickness of the surface layer) also needs
to be specified. In previous uses of this LPDM model (Lauvaux et al., 2008, 2012), the
height has been set at 50 m. Under well mixed conditions, the height of the surface
grid is not important, as the particle count will be adjusted proportional to the volume
of the grid box, but under stable conditions, this may not be the case. To investigate
the importance of this choice on the optimal network design, the LPDM output for each
station was reprocessed under a surface height of 60 m and 75m. The optimisation
routine was run again for both cases, holding all other choices the same as for the
basic network design.

3.2 Night time observations

It is a known issue in atmospheric transport modelling that the transport at night has
greater uncertainty compared to the day time. Since the transport model is not as-
signed a covariance matrix, the uncertainty is transferred to the observations. To ac-
count for larger uncertainties at night, the standard deviation value for the night time
observations was doubled to 4 ppm.
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3.3 Cost function

This sensitivity test compares the results of the network under the Jg, cost function
against those under the J¢; cost function. The sum of all of the covariance terms repre-
sents the variance of the total flux estimate for South Africa (the sum of the fluxes from
all the surface grids across South Africa). The sum of the diagonal elements implies
that we’re seeking to optimise the network based on improvement in the estimation of
fluxes from individual source grids independently from one another. Either case should
result in an optimal network for improved flux estimation across South Africa, but the
results could potentially be quite different, particularly if the off-diagonal covariance
terms are large.

3.4 Prior flux covariance matrix

In the basic network design, we assumed no correlation in the prior covariance matrix
of the fluxes. In reality, grid cells with similar biota and under similar climate will have
correlated fluxes. Similarly, fluxes from the same source which occur close in time will
also be correlated (Chevallier et al., 2010; Wu et al., 2013). To determine what impact
correlation lengths in the prior flux covariance matrix could have on the optimal network
design, we used the results from Chevallier et al. (2012), and put together a simple
correlation structure where it was assumed that temporal correlations for the same
pixel one week apart had a correlation of 0.5 (independent for day and night), decaying
to 0.3 at two weeks apart and 0.1 at three weeks apart. Pixels adjacent to each other
had a correlation of 0.3. The interaction between time and space correlations was
determined by the product of the respective correlations (e.g. two pixels adjacent to
each other but one week apart would have a correlation of 0.3 x 0.5).
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3.5 Surface flux spatial resolution

For the sake of saving on computational time and on computing memory, the spatial
resolution of the surface flux grid boxes was set so that the domain was divided into
50 by 25 grid boxes (a resolution of approximately 1.2° x 1.2°). If the surface grid boxes
were set at a higher resolution, this would result in higher variability in the biospheric
and fossil fuel fluxes estimates between grid boxes. As this would clearly affect the
values in the prior flux covariance matrix, it could impact on the optimal network design
as well. As a sensitivity test, the resolution of the surface grid boxes was reset so that
there were 72 by 36 grid boxes (a resolution of approximately 0.8° x 0.8°), and the prior
flux estimates adjusted accordingly.

3.6 Variance of the ocean sources

The standard design assumed that there was zero variance from the ocean sources
as we wished to emphasize the importance of the terrestrial uncertainties in the net-
work design. A sensitivity test was conducted whereby 10 % of the maximum land NEP
uncertainty was allocated to the ocean grid cells. This uncertainty represents the uncer-
tainty in the ocean productivity models which would be used to obtain prior estimates
of ocean fluxes during an inversion.

3.7 Optimisation scheme

As an alternative to the 10 routine, the GA was considered in this sensitivity test. If
a network is already available, then it makes sense to add one station at a time to
this existing structure (Ziehn et al., 2014), as is done in the 10 procedure. In the South
African case, there are already five instruments available for deployment, and therefore
theoretically these instruments could be deployed simultaneously. The GA operates by
optimising the five member network simultaneously, and therefore may be more suited
to the case where there are multiple deployments, because it could be conceived that
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the best solution for a five member network in terms of reducing the overall uncer-
tainty for South Africa, may not include the one station which on its own reduces the
uncertainty more than any other station.

Holding all other choices the same, the optimisation procedure used in the standard
network design was replaced by the GA, and the resulting network compared to the
basic optimal network design.

4 Results and discussion

As for Part 1 (Ziehn et al., 2014), the LPDM model was run for each station, including
the two stations in the existing network. The influence functions for each station for the
months of January and July were calculated. The particle counts used to calculate the
influence functions can be summed over the month in order to obtain a footprint of each
station. To illustrate this, plots of the influence footprint in January (Fig. 4) are provided
for Cape Point and three other candidate stations numbered 28 (near Potchefstroom),
18 (near Mthatha), and 4 (near Port Elizabeth) as examples. For both January and
July, the influence footprints show that the three candidate stations, to the north and to
the east of Cape Point, have far more influence from terrestrial South Africa than Cape
Point has.

With the influence functions available for each station, the test on the influence from
the boundary could be conducted. Given the large domain over which LPDM was run,
it was not surprising that the boundaries had minimal influence. The average value
for the square root of the sum of all the diagonal elements of C,, for all stations was
only 0.073 with a standard deviation of 0.026 in January, and 0.070 with a standard
deviation of 0.031 in July.

The tests on the influence of sources outside of South Africa were also conducted.
Since we decided to exclude the uncertainty of the ocean fluxes from our basic network
design, the above influence test was modified to determine the strength of the influence
from the ocean pixels on the observations at each measurement site. As South Africa
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is surrounded by ocean to the west, south and east, it is expected that there would be
a significant ocean influence, particularly on those stations near the coast. Assuming
that each source emitted 1 kgC m~2week ™’ (in order to easily compare between source
regions), the values for the test were on average 37.12 ppm with a standard deviation of
52.09 during January and 29.17 with a standard deviation of 59.58 during July. Stations
12, 18, 25, and the Cape Point station (36) all had influence values over 100 during
either or both January and July. The first three stations are all stations near the east
coast of South Africa.

The influence test was further modified to determine the influence from land pixels
which fall outside of South Africa. We decided it was important to take into account
uncertainty contributed by these pixels, as we would have relatively poor observational
constraints from these locations. But in determining the cost function for the network
design, we would not include the uncertainty explicitly from these pixels; only those
falling into South Africa. Therefore it would be of interest to find out if there are any
stations which are strongly influenced by the non-South African land pixels. The sta-
tions with the strongest land influence from outside of South Africa were 30, 32, 33, 34
and 35, all of which are located in the northern parts of South Africa, near the border
of Botswana. The Gobabeb station (37) had a surprisingly low influence from other
African pixels, but higher compared to stations in the southern parts of South Africa.

The next sections present the results of the optimal network design; first under the
basic parametrisations as used in Ziehn et al. (2014), and then under the different
parametrisations for the influence function, for the covariance matrix, and under a dif-
ferent optimisation routine.

4.1 Basic network design

The results under the standard conditions used in the basic network design for the
month of July reveal that the best set of stations to add to the current network would
include a station near the south west coast, a station near the southern coast, a station
in the western interior of the country, and two stations in the north eastern part of the
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country near the borders of Botswana and Zimbabwe (Table 1). The base network con-
sisting of Cape Point and Gobabeb GAW stations reduces the uncertainty of the flux
estimates by 37.1% relative to the prior flux uncertainty during the month of July. The
best station to add to this network would be station 4, located in the southern coast of
South Africa, which reduces the overall uncertainty by 60.0% with its addition to the
network (Fig. 5). The second best station during the month of July is station 28, in the
North West provice of South Africa, which is an industry intensive province. This station
reduces the uncertainty by an additional 27.8%. Since the optimal network includes
a station near Cape Point during July, it supports the conclusions by Whittlestone et al.
(2009) that Cape Point is not sufficient to estimate fluxes for the Western Cape region.
The final reduction in uncertainty by the addition of the three other stations to the net-
work is only a 3.8 % drop in uncertainty. Therefore the returns on uncertainty reduction
for additional stations to the network is reduced during the Winter months. This large
reduction in uncertainty from only two additional stations during the Winter months is
due to the localised fossil fuel emissions, and the small biospheric fluxes which occur
during the Winter months, mainly on the western coast of South Africa.

In January the picture changes somewhat, with more stations located towards the
interior of the country, and no stations positioned on the western side of South Africa
(Fig. 5). The uncertainty reduction attributable to the base network is lower in Jan-
uary, at 26.7 %. The best performing station in the network for January is station 18,
located near the border of Lesotho and the eastern coast of South Africa, which re-
duced the uncertainty by an additional 30.7 % relative to the base network. The next
best performing station was station 28, as for the July optimal network, which reduced
the uncertainty by an additional 18.4%. An additional 11.7 % increase in uncertainty
reduction is attained from adding the last three stations to the first and second added
stations in the network. The return on additional stations to the network is therefore
higher in January, when the uncertainty from biospheric fluxes is higher.

The network for the combined months of January and July result in a very similar
positioning of stations compared to January (Fig. 5), as well as a very similar reduction

11322

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

ACPD
14,11301-11342, 2014

Greenhouse gase
network design
South Africa

A. Nickless et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/11301/2014/acpd-14-11301-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/11301/2014/acpd-14-11301-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

in uncertainty at 87.2%. This is due to the much lower NEP uncertainty estimates for
the Winter months across South Africa compared to the Summer months, with the
optimal network for the combined seasons being dominated by the need to reduce
these larger uncertainties. The area near which station 0 is located in the Western Cape
falls in the fynbos biome, which is under a Winter rainfall regime. Therefore productivity
during the Winter months is expected to be higher in this area (Fig. 1a). In contrast,
activity over much of South Africa during the Winter months, when water availability is
reduced, is expected to be low to almost entirely dormant. It is likely that this resulting
increased uncertainty in NEP in the fynbos regions during the Winter months, as well
as the proximity to the City of Cape Town, would result in the need for a station in this
area to reduce the overall uncertainty of South Africa. In contrast, the NEP uncertainty
during Summer is much higher on the eastern side of the country compared to the mid
interior or the west of the country (Fig. 1c), resulting in a need to concentrate the new
measurement sites in this area during the Summer months.

4.2 Sensitivity analysis

Results from the sensitivity tests are presented in Fig. 6 and Table 2. The optimal net-
works under the cases where the maximum height for the surface grid is changed,
increasing from 60 m and then to 75m, when the increased uncertainty of night time
transport is accounted for, and the case when the variance in fluxes over the ocean are
accounted for, obtain the same optimal network for a particular month. The resulting
networks are also identical to the base network. This implies that the optimal network
design is robust to changes in the height of the surface grid cell, provided it is a rea-
sonable estimate of the surface height. The change to the night time observational
uncertainty was applied across the entire domain in the same way, and therefore this
is likely why it did not affect the final outcome of the optimal network design. Ziehn
et al. (2014) showed that changing the observational uncertainty so that it was different
between the measurement sites would result in a different network compared to the
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case of equivalent uncertainty at all sites. Applying an equivalent, non-zero value for
the variance of the ocean pixels did not affect the solution for the optimal network.
When the trace of the posterior covariance matrix was used as the cost function, this
resulted in very similar reductions in uncertainty for July, January and the combined
months, and almost identical networks. The network optimised for July shared four
stations relative to the basic design, but excluded station 7 in favour of station 9. In
January, the optimal network is the same as for the standard case. The network for
the combined months of July and January results in a very similar selection of station
compared to the January trace case, but favouring station 4 in place of station 9. Three
stations are in common with the standard case for July and January, which are stations
18, 11, and 29, but station 28 is favoured over station 27, and station 4 over station 9.
This shows that the cost function can potentially have an impact on the final design,
but is less so affected if the variance values are large, as for the month of January.
The case where correlation was assumed to exist between surface fluxes in time and
in space resulted in a network for July with the three stations shared with the standard
case for July, having station 4 and 28 as the best performing stations, but a preference
for station 6 over station 0, and for 24 over station 7. The January network for the cor-
relation case was very different to the basic January network, sharing only one station,
with stations concentrated more towards the central interior of the country. The reduc-
tions in uncertainty were approximately 4.5% less in July compared to the basic case,
and 4.6 % less reduction in January compared to the basic case. The combined case
of January and July for the first time resulted in a fairly different network to the January
and July cases, introducing stations 11 and 30 which were neither in the July nor the
January optimal networks. The reduction in uncertainty for the combined months was
less than for the basic design, by 9.6 %. Having correlation terms in the prior covariance
matrix means that over an area where the high uncertainty pixels are relatively sparse,
there is more memory in the covariance matrix of these uncertainties. The observation
network is therefore assumed to be seeing more than just the pixels for which there are
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sensitivities, providing more information to reduce the total uncertainty in the domain
of interest.

The network obtained under the high resolution surface grids is the most different
compared to the original network. As shown in (Ziehn et al., 2014), the aggregation of
pixels smooths out the fossil fuel and biospheric fluxes. By using a higher resolution
for aggregation, this smoothing is reduced (compare Figs. 7—1c and 2b). In July, three
stations are shared with the basic July network (stations 0, 28 and 31). The best station
in the July network is station 31, reducing the uncertainty relative to the base network
by 58%. The final uncertainty reduction is 82%, which is approximately 10% lower
compared to the original network. The January network for the high resolution case
shares three stations with the original January network, and reduces the uncertainty
by 79%, which is 8% lower compared to the original network. The location of the
stations is very similar to the July case with stations concentrated towards the east
of the country, near the areas of higher biospheric fluxes and the locations of power
stations and industry in South Africa. The combined months of July and January result
in the same optimal network as for January, sharing four stations with the standard case
for July and January, with an overall uncertainty reduction of 79 %, 8 % lower compared
to the standard case network.

The final sensitivity analysis was the use of a different optimisation routine, which
was in the form of the GA. The resulting optimal network design for July was identical
to the basic network design under the IO method. But although the GA did find the
same solution as derived by the 10 method for the month of January in its population
of solutions, it was able to find an even better solution overall. The optimal solution
for January from the GA method shared two stations with the basic network (stations
29 and 11), but replaced station 9 with 23, favoured station 27 to station 28 (just to
the east of station 28) and station 12 to station 18 (just south of the station 18). The
network for the combined months of July and January shared two stations with the
standard case, replacing stations in the original network with adjacent stations. The
final uncertainty reduction in the case of the combined months was slightly larger,
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indicating that the GA did not find the global maximum in this particular run. The GA
networks were very similar in nature to the original network obtained from the basic
design case, and therefore, for the sake of efficiency and a reduction in computation
time, the 10 method can be implemented for a network design, as the results suggest
that very similar conclusions would be drawn from both optimisation methods.

A disadvantage of a network design that concentrates stations on the eastern side
of the country, where there is higher biospheric activity, is that, although the highest
areas of uncertainty are well constrained, the western side, which has relatively smaller
areas of high biological activity but does contain a major city, is less well constrained.
Therefore the capacity to break the country down into subregions and solve for the
higher resolution fluxes is reduced.

5 Summary and conclusions

Under a reference set of conditions, an optimal network design was obtained for South
Africa for two representative months of the year. The resulting designs reduced the
uncertainty of carbon fluxes from South Africa compared to the base network by 92 %
in July and 87 % in January. These large reductions in uncertainty are due to the lack
of coverage by the current network, which only reduces the uncertainty of fluxes from
South Africa by 26 % and 37 % for July and January respectively, as well as the locali-
sation of fossil fuel emission sources and the reduced biospheric activity in the Winter
months. In all cases the first station has the greatest impact on uncertainty reduction,
with lower returns yielded from additional stations to the network. The concentration of
stations suggested by all networks is towards the central interior, near the North West
Province of South Africa and in the eastern parts of the country. These represent the
areas where the largest biospheric fluxes as well as fossil fuel emissions in the country
take place, therefore location of the stations in these areas is expected. These areas
also border with other African countries where there is greater uncertainty under the
current carbon assessment results used in this study, and therefore, where pixels over-
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lap with South Africa’s neighbours, a larger resulting uncertainty in biospheric fluxes is
obtained.

The sensitivity analysis demonstrated that for many of the choices required for the
optimal network design, such as the height of the surface grid cells or the choice of
whether to inflate night time observations relative to day time observations have a neg-
ligible impact on the final network design. Substituting the trace for the sum of the
covariance elements, or using a different optimisation routine resulted in very similar
solutions, giving confidence to the results for the optimal network, but both of these
changes have the potential to result in larger changes to a network than observed in
this case. The use of the trace leads to a more detail-focused solution, whereas the
solution based on the sum of the covariance elements is more concerned with seeing
the solution for the whole of South Africa, even if it's less detailed. The GA has the
potential to capitalise on all the information available in the posterior covariance matrix,
allowing it to find the network solution which in combination offers the best coverage
of the domain of interest. The cost in efficiency and computation time relative to 10 is
high.

Choices which affect the prior covariance matrix, such as including correlation or
increasing the resolution of the surface grid cells, result in an notable change in the
location of stations in the network. Including correlation in the prior covariance results
in a more spread out network design and higher value placed on observing smaller
areas with high activity. The increase of spatial resolution on the other hand lead to
higher concentration of sites near the larger areas of high activity. This implies that
if the objective of the network is to reduce the overall uncertainty for a large area,
like South Africa, having a high spatial resolution for the network may result in an
over-concentration of sites in high activity areas, leaving large parts of the country
undersampled. Such a network would reduce the capacity of the observation network
to estimate fluxes in subregions across South Africa.

Therefore, in conclusion, it is best to run an optimal network design with specifica-
tions as close as possible to the that which would be used under the actual inversion
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procedure for estimating surface fluxes from concentration observations, including tak-
ing correlation between pixels into account. The resolution of the spatial grids should
be in line with the number of stations added to the network and the size in subregion for
which fluxes could be estimated over the domain of interest given the available number
of stations. Wu et al. (2013) demonstrated an algorithm for optimising the regions for
estimation as well as the network. Overall the results suggest that a good improvement
in knowledge of South African fluxes is available from a feasible atmospheric network
and that the general features of this network are robust to many reasonable choices in
a network design study.
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Table 1. Ranking of the new stations added to the base network for two seasons (Summer and
Winter) represented by January and July, as well as the integrated months. The cummulative
reduction of uncertainty relative to the base uncertainty is provided in brackets.

Rank July January July + January
1 4 (60.0%) 18(57.4%) 18 (54.7 %)
2 28 (87.8%) 28 (75.6%) 29 (71.1%)
3 7(89.3%) 11(81.4%) 11 (80.1 %)
4 31(90.7%) 29 (84.9%) 27 (83.5%)
5 0(91.6%) 9(87.3%) 9 (87.2%)
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Table 2. Ranking of the new stations added to the base network under eight different sensitivity
tests for the combined months of July and January. The tests include the cases when the
surface grid height is set at 60 m, the surface grid height is set at 75 m, the trace of the posterior
covariance is used in the cost function, the standard deviations of the night time observations
are doubled, a correlation structure is implemented in the prior covariance of the fluxes, the
spatial resolution is increased to 0.8°, the ocean sources are assigned a variance, and the
genetic algorithm is used for optimisation. The percentage cumulative reduction of uncertainty
relative to the base uncertainty is provided in brackets.

Rank Height 60m Height 75m Trace Double Night Cov  Correlation High Res Ocean Variance GA
1 18 (53.5) 18 (51.7) 18 (40.3) 18 (51.5) 18 (43.1) 18(41.8) 18 (54.4) 24
2 29 (69.4) 29 (67.1) 28 (54.7) 29 (67.6) 27 (57.7) 29 (61.5) 29 (74.4) 27
3 11 (79.0) 11(77.5) 4 (72.5) 11 (77.5) 7 (68.4) 11(69.4) 11 (80.9) 10
4 9 (82.8) 9(81.7) 11(76.8) 27 (81.3) 11 (74.4) 30(74.4) 9(84.7) 29
5 27 (86.6) 27 (85.6) 29 (80.7) 9 (85.3) 30 (77.6) 27 (78.9) 27 (86.9) 5(87.6)
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a.) Day time NPP July c.) Day time NPP January

<10

=20

-30

b.) Night time Ra July d.) Night time Ra January
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Fig. 1. The day time net primary productivity (NPP) and night time autotrophic respiration (Ra)
data used as standard deviations of net ecosystem productivity (NEP) at the resolution of 1.2°
expressed in ng'2 week ™' for July (left) and January (right). Values for the standard deviation
are capped at 28 gCm ™ ?week'. The maximum value (separately for day and night) is assigned
to the non-South African land surface, or set at 28ng‘2 day‘1 if the maximum exceeds this
value.
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a.) Standard deviations of FFDAS emissions at 0.1° by 0.1°
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b.) Standard deviations of FFDAS emissions at 1.2° by 1.2°
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Fig. 2. The standard deviations of ten realisations (top) of the Fossil Fuel Data Assimilations
System (FFADS) at the original 0.1° resolution in gCm “week ™. The standard deviations of
the aggregated fluxes (bottom) (1.2° resolution) showing significant smoothing of the fossil fuel
fluxes over the lower resolution.
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Fig. 3. The 36 potential locations of the new stations in the optimal network design. The loca-
tions were spaced on a regular grid over the surface of South Africa. The existing Cape Point
and the Gobabeb GAW stations are marked by the triangles.
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Fig. 5. Map of the locations of the optimal stations to add to the existing network to reduce of the
overall uncertainty of fluxes in South Africa under the basic design of 50 m surface grid height,
diagonal prior covariance, 2 ppm uncertainty in concentration observations, a 1.2° surface grid
resolution, and using the sum of the elements of the posterior covariance matrix to calculate
the cost function for the optimisation procedure for July, January, and the combined months of
July and January.
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Fig. 6. Map of the locations of the optimal stations to add to the existing network to reduce the
overall uncertainty of fluxes in South Africa under the nine different sensitivity cases for July
(top), January (middle), and the combined months of July and January (bottom). The cases
include the standard case (Standard), the surface grid height set at 60 m (height 60 m), the
surface grid height set at 75m (height 75 m), the use of the trace in the cost function (Trace),
the doubling of the night time observation standard deviation (Double Night Cov), the addition of
correlation between elements in the prior covariance matrix (Correlation), the increasing of the
spatial resolution to 0.8° (High Res), the inclusion of variance of the ocean sources (Ocean),
and the use of the genetic algorithm (GA).
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Fig. 7. The day time net primary productivity (NPP) data used as standard deviations of net Printer-friendly Version

ecosystem productivity (NEP) at the resolution of 0.8° expressed in ng'2 week ™' for Jan-
uary (top), and the Fossil Fuel Data Assimilation System standard deviations aggregated over
a resolution of 0.8°, also expressed in ng‘2 week ™ (bottom). @ ®
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