
sites for a 2° × 2° resolution (g = 2) (see Figure S6 for the probability density function distributions). It shows
that RE, weighted by the number of sites, has a right-skewed distribution in AERONET with 74% sites subject
to a positive RE, in contrast to 53% sites with a positive RE in GAW. It means that using the BC absorption data
measured at GAW sites to constrain the global BC direct radiative forcing should be less biased than
AERONET. Weighting by the modeled BC AAOD (dotted lines in Figure 1c) shifts the two distribution curves
to the right, increasing the percentage of positive RE to 83% of the AERONET sites and 68% of the GAW sites,
respectively. This indicates that sites with high BC AAOD are more likely to have a higher positive RE relative
to sites with low BC AAOD.

Figure S7 shows that the distribution of RE for AERONET changes slightly if we use the 1,383 sites in 2017 for
the calculation, with the same fraction (74%) of sites subject to a positive RE. Figure S8 shows an example of
how the RE increases from� 11% for a nonurban site to 80% for an urban site (Beijing) over an emission hot
spot region. Keep in mind that not all AERONET sites are able to provide valid measurements of BC AAOD due
to lack of measured single scattering albedo under low AOD or other operational reasons (Dubovik & King,
2000). Kinne et al. (2013) had selected 258 sites with Sun-data coverage for> 5 months of the year and
nonzero quality score. We calculated the RE based on these 258 sites, of which, again, 74% are subject to a
positive RE (Figure 1c).

To quantify the RE at the regional scale, we usedChigh-res and Clow-res derived above to compute their

averages, namely,Chigh� res and Clow� res, in � ve regions (the Americas, Europe, Africa, and Asia; see Figure S4

for a map). We then computed the regional RE as RRE = (Chigh� res � Clow� res)/Clow� res, as a function of the
resolution of a coarse model grid (g° × g°), as shown in Figure 1d for the globe and for Asia. Figure S9 shows
the RRE with the variance of RE of sites in each region. For the full data set and for Asian sites, RRE increases
dramatically with model resolution for the AERONET network, while it remains smaller for the GAW network.
When constraining the model at a resolution of 2° × 2°, the average RRE is 28% for all AERONET sites, com-
pared to 7% for all GAW sites. Using the 258 AERONET sites with higher frequencies of BC AAOD retrievals,
the RRE is estimated at 53% in Asia and 32% globally, which can be compared with 39% and 28% respectively
for the 591 sites (Figure 1d). This con� rms higher spatial RE for the AERONET network than for GAW.
Regionally, RRE is largest in Asia for AERONET with a large number of sites located in emission hot spots
(Figure S9).

Although the estimated RRE for GAW is lower than that for AERONET, it does not mean that GAW is better
suited than AERONET to constrain global models. First, while we interpolated BC AAOD from 50 to 10 km
in Asia based on emissions, the impact of orography is not accounted for. Mountain sites are less represen-
tative than other sites. On the one hand, the atmospheric column at mountain sites is lower than that in low-
lands surrounding the mountain (Whiteman, 2000); on the other hand, mountains may act as a barrier to the
transport of aerosol (Silcox et al., 2012). For example, we calculated RE to be� 0.04 at a GAW site located in a
depression surrounded by mountains with few BC sources nearby (Assekrem, 23.26°N, 5.63°E), which may be
underestimated due to the orography. After removing sites with an elevation over 500 m, global RRE
increases from 7% (92 sites) to 11% (56 sites) for the GAW network, and from 28% (1383 sites) to 30%
(1065 sites) for the AERONET network. Second, there are fewer sites in the GAW network than AERONET.
While the current top-down approach (Bond et al., 2013) compares the modeled BC AAOD as an average over
sites in each region with measurements, the issue of how these sites represent the whole region is not
assessed and is beyond the scope of this current paper. Applying an approach to use information at all sites,
like Chevallier et al. (2005) and Huneeus et al. (2013), can help us further understand the importance of high-
resolution modeling in reducing uncertainty in the top-down radiative forcing of BC in future studies.

Finally, while we are assessing the spatial RE, we should note that there could also be a temporal RE if the
modeled annual mean BC AAOD was compared with the measurements for just a few days (Chin et al.,
2002). Schutgens, Partridge, & Stier (2016) showed that temporal sampling errors in yearly and monthly mean
AODs for AERONET amount to 20–90%, with smaller sampling errors in the daily averages. Schutgens et al.
(2017) suggest that temporal sampling errors can be even larger than spatial sampling errors at some sites,
which should be accounted for when using measurements to constrain the models.

3.2. Factors Leading to the Representativeness Error

The spatial RE arises from the inhomogeneous distribution of BC within a coarse model grid box and
increases model bias with respect to local measurements. Our downscaling of a global simulation of BC
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AAOD shows that this RE is notable when compared to models at a reso-
lution of 1 to 3° in latitude and longitude at the AERONET sites. In our
study, the distribution of BC AAOD within a coarse model grid box is
mainly induced by the distribution of emissions. Since a transported,
atmospherically mixed property like BC AAOD should be smoother than
its source distribution, we introduced a method to downscale BC AAOD
from coarse model grids to 0.1° × 0.1° with a� xed coef� cient (� ) (see
equation (1) in section 2). A regional model, CHIMERE (Menut et al.,
2013), was run at a resolution of 0.1° × 0.1° to assess the error in the
downscaling. Figure 2 shows that the root-mean-square deviation
between the downscaled BC load (as a proxy for BC AAOD) and the
CHIMERE data increases as� increases initially and then declines.
Meanwhile, the global RRE for both AERONET (591 sites) and GAW (92
sites) networks increases as the parameter (� ) increases, as a result of
our downscaling method based upon emissions. Since the CHIMERE
data provide a constraint on the value of� , we obtained an optimal
� = 0.09 with the best agreement between the downscaled method
and the CHIMERE data, leading to a global REE of 28% and 7% for the
AERONET and GAW networks, respectively. Note that we used the mod-
eled BC AAOD at a resolution of 0.1° × 0.1° to approximate local mea-
surements. It is likely that there remains subgrid scale variability in BC
AAOD even at the 0.1° × 0.1° resolution, which could still lead to greater
or lower spatial RE than estimated here.

The fact that many AERONET sites cannot be seen as representative of
their surrounding area has been noticed previously. For example,
Kinne et al. (2013) assigned a range score for each site, where a score
of 0, 1, 2, and 3 indicated that the site was representative for a domain

of 1° × 1°, 3° × 3°, 5° × 5°, and 9° × 9° grid box, respectively. Figure 3a compares the RE calculated for sites
with different range scores. It shows that the likelihood of a site having a large RE is signi� cantly higher for
sites with a range score of 0 or 1 than for sites with a range score of 2 or 3. For example, the 5% and 95%
percentiles ofREare � 26% and 100% for sites with a range score of 1, indicating that 10% of these sites
are subject to an RE of< � 26% or> 100%. By contrast, the 5% and 95% percentiles of RE are� 0.5% and
40% for sites with a range score of 3. Figure 3b shows that the distribution of RE for urban sites in
AERONET is severely right-skewed, with 92% of urban sites subject to a positive RE, in contrast to 64% of non-
urban sites. This is consistent with Kinne et al. (2013) that urban sites are associated with a lower range score
and thus representative of a smaller region in space.
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While Figures 2 and 3 illustrate the effect of emission sources on RE, there are other factors that can cause the
inhomogeneous distribution of BC in a model grid, such as meteorology and orography. For example,
Schutgens et al. (2017) suggested that large REs in the Alps, the Apennines, and the Carpathian mountains
are related to orography. While orography is an important reason, we propose that the fact that local emis-
sions in mountainous regions are often lower than the surrounding regions can also contribute to negative
RE at these mountain sites. Kinne et al. (2013) excluded all high-altitude mountain sites, because they cannot
represent the 1° × 1° grid. In our study, among the 591 AERONET sites, the average RE is� 1.4 ± 31.4% for the
7 mountainous sites, which is lower than 28.5 ± 43.2% for other sites.

Our study shows that spatial variability in emission sources is capable of generating signi� cant mesos-
cale variation in aerosol that in turn leads to sizable REs. Among various inputs needed to estimate
the spatial distribution of anthropogenic emissions, population and road network data are essential.
Mainstream bottom-up inventories (Bond et al., 2013; Lamarque et al., 2010) use the spatial distribution
of population as a proxy for emissions of various species from speci� c sectors, because there is a high-
quality data set for population at a high resolution (~1 km) (Oak Ridge National Laboratory., 2017). More
mesoscale measurements (Anderson et al., 2003) to quantify the relationship between aerosol absorption
and population density would be helpful for devising a framework to assess the spatial representative-
ness of measurement sites.

4. Conclusion and Implications

In this study, we assessed the RE for absorbing aerosol associated with two observational networks (AERONET
and GAW) that are used to constrain global models at a coarse resolution. By considering the impact of spatial
variability in BC emissions on AAOD representativeness, our results show that the distribution of RE is right-
skewed for the AERONET network. When comparing the model at a resolution of 2° × 2° with measurements,
the RE in the BC AAOD averaged over global sites is 30% for the AERONET network, compared to 7% for the
GAW network. It indicates that, when constraining the models at a resolution of around 2° × 2° with measure-
ments at all AERONET sites, the current top-down estimate of BC direct radiative forcing is overestimated by
30% (Bond et al., 2013; Chung et al., 2005; Sato et al., 2003), which explains a part of the difference between
top-down and bottom-up BC direct radiative forcing estimates. In contrast, the GAW network or a subset of
the AERONET sites is less in� uenced by RE and provides valuable constraints on the modeled global BC
radiative forcing. Such a representative error analysis could be used to guide the design of networks with
sites distributed both in polluted and remote regions (Silva & Quiroz, 2003; Trujillo-Ventura & Ellis, 1991;
Wu et al., 2010).

In addition to AAOD, AERONET measures AOD, which is dominated by sulfate, nitrate, primary organic car-
bon, BC, and dust. The AOD data are also widely used to constrain the models (e.g., Kinne et al., 2013;
Shindell et al., 2013). Although AOD is contributed by more natural sources (e.g., natural dust and sea salt)
than BC, some of these species or their precursors are co-emitted with BC in the urban regions and their life-
time is close to BC. Thus, we expect that measurements of AOD in AERONET may also be associated with an
RE at urban sites when constraining low-resolution models. To assess the RE in the measured AOD, further
efforts are needed to construct high-resolution� elds of all aerosol species by developing consistent emission
inventories (e.g., Huang et al., 2015; Meng et al., 2017) and high-resolution models.

There are some limitations in our work. First, while we assessed the spatial variability of BC caused by
emissions, other factors causing RE are not accounted for. For example, when we interpolated the BC
AAOD� eld from a scale of 50 to 10 km in Asia based on emissions, the effects of local chemical proces-
sing, physical removal (precipitation) (Anderson et al., 2003), and orography (Schutgens et al., 2017) at a
scale below 50 km are not considered. Second, AAOD measurements are always made during a small part
of the day. Comparing them to daily or monthly model averages will introduce additional temporal RE
(Schutgens, Partridge, & Stier, 2016), which is unquanti� ed in our study. Third, while we estimated the spa-
tial RE using a previous method that constrains the model by region, an inversion approach using informa-
tion at all sites is needed to quantify the in� uence of the number of sites in the network (Chevallier et al.,
2005; Huneeus et al., 2013). At last, measurements of BC AAOD cannot constrain the vertical pro� les of BC,
which are crucial for the estimation of direct radiative forcing (Samset et al., 2013). Further studies should
overcome these limitations to deliver a top-down estimation of BC direct radiative forcing. Nevertheless,
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our study highlights the importance of developing high-resolution transport models in the inversion of
aerosols and the design of the observational networks for such a purpose.

Abbreviations

BC black carbon
AERONET AErosol RObotic NETwork

GAW Global Atmosphere Watch
AAOD aerosol absorption optical depth

AOD aerosol optical depth
RE representativeness error

RRE regional representativeness error
Chigh-res annual mean BC AAOD over a high-resolution grid box of 0.1° × 0.1°
Clow-res annual mean BC AAOD over a low-resolution grid box ofg° × g°
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