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We thank the two anonymous referees for their insightful comments to the manuscript 
and helpful suggestions for improving the presentation quality. Below, we explain 
how the comments and suggestions are addressed (our point-by-point responses in 
blue) and make note of the changes that have been made to the manuscript, attempting 
to take into account all the comments raised by both referees.  

Referee #1  

General comments:  

An analysis of model results for BC in snow in the Northwestern USA from 
simulations with CAM5 is presented. The focus of the paper is the validation of 
model results based on a combination of a large number of high-quality observational 
data sets. As a novelty, a Positive Matrix Factorization (PMF) analysis is performed 
to determine biomass and fossil fuel sources of BC in the snow. 
Many models produce substantial biases in simulated BC concentrations in the 
atmosphere in this region. An analysis of the relationship between BC in the 
atmosphere and deposition on snow is a very useful approach with regard to needed 
improvements of climate and air quality models. Unfortunately, there are several key 
aspects of the approach that seem problematic. In particular, the approach likely 
underestimates the influence of biofuel emissions in the model as explained in more 
detail in the following. Second, comparisons between BC concentrations in snow and 
air are based on unverified assumptions about correlations between these quantities. 
 

Response: please see our responses to the more specific comments.   

 

Specific Comments: 

Page 12964, line 7 - 13: Please clarify whether sensible and latent heat fluxes are 
specified in calculations of atmospheric properties and land surface processes. How 
do amounts of snow and BC processes in snow in specified dynamics mode compare 
with results from the freely running model and how accurate are results? It seems that 
this approach has previously been used to study atmospheric processes but it is not 
obvious how well it works for snow and BCC. 
Response: In the specified dynamics mode, surface sensible and latent heat fluxes are 
specified in calculations of atmospheric properties but not the land surface processes.  
However, precipitation (including rain and snow) and BC deposition to snow are 
calculated in the atmospheric component of the model. With the constrained 
meteorological fields the model can simulate clouds, precipitation and aerosol 
processes better than in the freely running mode (e.g., Ma et al., 2013), especially, for 
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a specific time period (as opposed to climatology). As shown in our Figure S5 (in the 
supplement), the CAM5 simulated snow cover fraction (SCF) has a good agreement 
with satellite retrievals. The three-month mean SCF for CAM5 is 50% over 
Northwest USA and 99% over West Canada, comparing to mean SCF from MODIS 
of 58% over Northwest USA and 96% over West Canada. This is the exact reason 
why we choose to run the model in specified dynamics mode for comparing with the 
field measurements made during January-March of 2013. We have now clarified more 
on this in the revised manuscript. 

 
Page 12964, line 26: The yet unpublished ECLIPSE data set is not properly 
acknowledged. See the ECLIPSE website for details. 
Response: Thank you for pointing this out. We now cite Stohl et al. (2015) in the text, 
as suggested by referee #2, and have added the following statement to the 
acknowledgment: “ECLIPSE emission data sets are available from 
http://www.geiacenter.org/access. Funding for the development of the ECLIPSE 
emission data set was provided by the European Union Seventh Framework Program 
(FP7/2007–2013) under grant agreement no. 282688 – ECLIPSE.”. 

 
Page 12965, line 5-8: It seems highly problematic to apply the ratio of biofuel to total 
emissions from the old AEROCOM/GFED emission data set by Dentener et al. (2006) 
to the new combined ECLIPSE/GFED3 data set that is used in CAM5. This will 
likely lead to incorrect estimates of fossil fuel and biofuel emissions. Different 
emission sectors are considered in these data sets (e.g. oil and gas flaring emissions 
are included in the ECLIPSE data set but are not included in the AEROCOM data set). 
There are also substantial differences in emissions from sources that are common to 
both data sets. For GFED3, there is a 43% increase in emissions for boreal North 
America compared to GFED2 (van der Werf et al., 2010). The latter implies that 
biofuel emissions and contributions to BC in snow in North America are substantially 
underestimated with this approach, which likely explains diagnosed underestimates in 
BB contributions to BC in snow in CAM5 in Fig. 6, a key conclusion. 
Response: First of all, we would like to clarify on a possible misunderstanding here. 
When apportioning the ELCIPSE emissions to fossil fuel and biofuel, we did not use 
fire emission data sets (i.e., GFED2 or GFED3). The difference between GFED3 and 
GFED2 data sets, which are both attributed to biomass burning emissions, would not 
directly affect the calculation of biofuel emissions and contributions since the 
apportionments of ECLIPSE emissions did not use GFED3 data sets. On the other 
hand, the 43% increase in GFED3 emissions for boreal North America that the referee 
pointed out does not appear in the JFM mean emissions we used in our simulation. In 
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the following Table R1, we compare JFM mean emissions from the different source 
regions/sectors between the ECLIPSE/GFED3 and IPCC-AR5/GFED2 data sets. 
Biomass burning (fire) emissions in North America are not so different between the 
two data sets, and much smaller than fossil fuel and biofuel emissions.  

We agree that the additional oil and gas flaring emissions in the ECLIPSE data set 
would affect the apportionments. They are substantial in the Arctic (e.g., ARC) and 
less so in Canada (e.g., WCA and ECA), but somehow the ECLIPSE data set has even 
lower emissions than the AR5 data set over USA (e.g., NEU, SEU, NWU and SWU), 
which might partly explain the overall low bias in the modeled BCC concentrations. 
However, we don’t have observations to evaluate against. It is also worth noting that 
the difference in global total JFM emissions between the two data sets (7.692 vs. 
7.718 Tg yr-1) is very minimal. To give a better idea on how the apportionments of FF 
vs. BF might affect the source attribution and facilitate a comparison with other 
emissions data sets, we have revised the Figure 1 to separate out BF from the BB 
category. The figure is shown below (Figure R1). 

 

Table R1: January-February-March (JFM) mean emission (Tg yr-1) from each source 
region for two different inventories (i.e., ECLIPSE/GFED3 vs. AR5/GFED2). 

  

Source 
region	  

Fossil fuel (Tg yr-1)	   Biofuel (Tg yr-1)	   Biomass burning (Tg yr-1)	  

ECLIPSE  AR5       Diff  ECLIPSE  AR5  Diff  GFED3  GFED2  Diff  

ARC 0.024  0.003  0.021  0.003  0.000  0.003  0.000  0.000  0.000  

WCA 0.015  0.014  0.001  0.002  0.002  0.000  0.000  0.002  -0.002  

ECA 0.012  0.008  0.004  0.003  0.002  0.001  0.000  0.000  0.000  

LAM 0.273  0.321  -0.048  0.106  0.113  -0.007  0.051  0.206  -0.155  

NEU 0.096  0.167  -0.071  0.025  0.042  -0.017  0.001  0.002  -0.001  

SEU 0.055  0.082  -0.027  0.011  0.017  -0.006  0.006  0.004  0.002  

NWU 0.012  0.019  -0.007  0.002  0.003  -0.001  0.000  0.000  0.000  

SWU 0.027  0.047  -0.020  0.008  0.015  -0.007  0.000  0.000  0.000  

EAS 1.400  1.195  0.205  0.559  0.448  0.111  0.099  0.057  0.042  

SAS 0.303  0.204  0.099  0.645  0.435  0.210  0.245  0.135  0.110  

SEA 0.195  0.187  0.008  0.236  0.194  0.042  0.504  0.561  -0.057  

ERCA 0.582  0.734  -0.152  0.092  0.106  -0.014  0.001  0.022  -0.021  

AFME 0.381  0.250  0.131  0.802  0.376  0.426  0.693  1.481  -0.788  

PAN 0.030  0.037  -0.007  0.004  0.005  -0.001  0.016  0.079  -0.063  

ROW 0.172  0.142  0.030  0.000  0.000  0.000  0.001  0.001  0.000  

Global 3.577  3.410  0.167 2.498  1.758  0.740  1.617  2.550  -0.833  
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Figure R1. (a) Tagged source regions and (b) the contributions (%) to the global 
mean BC emissions (7.69 Tg yr-1) for January, February and March from the 
individual source regions (marked on the horizontal axis) and sectors (FF in blue, 
biomass-BB in solid red, and biofuel-BB in dotted red). 

 
Page 12968-12969: The presentation of equations and associated description of the 
analysis method seems somewhat lengthy and complicated. Maybe some of this could 
be moved to the supplement or otherwise be simplified? 
Response: We agree with the referee that the equations are lengthy but they are 
important to calculations used in the results section. Thus we decide to move these 
equations in section 2.4 to the Appendix so that main text of the paper will flow better, 
yet readers can easily access the equations.  

 
Page 12971-12972, section 3.2: I found it difficult to understand this section. A table 
of concentrations and biases in different regions would be beneficial for a more 
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concise summary of results. 
Response: The four panels in Figure 3 visualize the model-observation comparison in 
different ways. We feel that the BCC concentrations and model biases have been 
adequately presented. Also, we mean to make the comparison for the entire regions 
rather than focusing on individual sites. However, following the referee’s suggestion, 
we have made a table (Table R2), summarizing all the concentrations in Northwest 
USA and West Canada, and added it to the supplement as Table S3. 

 

Table R2: BC-in-snow-column concentrations from observations and the CAM5 
simulation in Northwest USA and West Canada at 36 sites   

Northwest USA West Canada 
Comparison 

pair i 𝐶!"#!  

(ng g-1) 

𝐶!"#!  

(ng g-1) 

Comparison 
pair i 𝐶!"#!  

(ng g-1) 

𝐶!"#!  

(ng g-1) 
1 8 1 21 39 44 
2 15 7 22 36 18 
3 25 8 23 18 19 
4 31 9 24 18 13 
5 29 3 25 15 7 
6 52 15 26 19 6 
7 78 10 27 7 4 
8 88 15 28 11 13 
9 62 14 29 12 16 
10 45 14 30 21 22 
11 35 13 31 22 29 
12 28 20 32 16 25 
13 34 37 33 15 9 
14 17 24 34 13 20 
15 19 26 35 21 27 
16 18 47 36 22 30 
17 73 30 mean±SD 19±8 19±11 
18 110 23  
19 37 28 
20 67 40 
mean±SD 44±28 19±13 

 

 
Page 12973, lines 6-11: Comparisons between the snow column BC mixing ratio 
(BCC) and near-surface atmospheric concentrations of BC (BCS) are problematic for 
several reasons. First, at any given location, vertically integrated concentrations of BC 
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in the snow are largely determined by the mean deposition fluxes of BC and snow 
during the time period since the snow pack started to form in the fall of the previous 
year. If data from permanent snow fields is considered then emissions of BC from 
previous years may also be important. Consequently, comparisons with mean BC 
concentrations in air in January-February-March (JFM) should be replaced by 
comparisons that are based on overlapping time periods for BCC and BCS. Second, as 
is also pointed out in the paper, spatial variability in BC concentrations is large and 
cannot be fully quantified based on the relatively small number of measurement sites. 
The sparse distribution and lack of co-location of measurements limits the statistical 
robustness of the comparisons, which is not quantified. Furthermore, estimates of 
LMNB and LMNE are biased low in the Northwest USA region for both BCC and 
BCS (see previous manuscript pages). This points at a common explanation for biases 
in these quantities (such as an underestimate in BC emissions), opposite to the 
explanation given here. It is not obvious how biases in the Northwest USA region can 
be explained by results for Canada since the impact of local emissions on regional 
concentrations is so high as the study shows? 
 

Response: None of the snow samples of Doherty et al. (2014) were of permanent 
snowpacks; all were from seasonal snowpacks. We agree that seasonal snowpack at 
our sampling sites may have started to accumulate in the fall of the previous year.  
However, as shown in Figure 7b of Doherty et al. (2014) there is not a vertical 
gradient in the mixing ratio of BC in snow at our sites. Instead there is variability, and 
we thought averaging across this variability would provide a more representative 
value for typical mixing ratios of BC in snow. The seasonality of BC emissions (i.e., 
biomass burning) in the cold season is also small. To address the referee’s concern, 
we have BCC and surface-BC concentrations in four individual winter months listed 
in Table R3 (added to the supplement as Table S1). There is no clear trend of 
surface-BC and BCC variation from December to March, while for the same month 
surface-BC and BCC concentrations are strongly correlated. We have explained in 
Section 2.1 why BCC is used instead of surface-BC in the model evaluation. 

Note that we are not directly comparing atmospheric concentrations (BCS) versus in 
snow (BCC), but rather the differences in the model biases in BCC and BCS. 
Regarding the sparseness of sites: We have a distribution of sampling locations across 
the regions for both BCC and BCS, so while the comparison is not perfect it is 
nonetheless of value. To address the referee’s concern we have added text noting that 
the measures of BCC and BCS are from different locations and are not necessarily 
representative of the whole model grid box, so the comparison is not ideal but is 
nonetheless informative.  
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Finally, note that we do not exclude an underestimate of BC emissions as a cause of 
the difference; we simply also note that there is another possible cause of the low bias 
in BCC. We don’t see a conflict here. Indeed, we make the point that any potential 
bias caused by model representation of BC deposition processes should show up in 
the comparison of BCC in both regions consistently, rather than just in the Northwest 
USA. Thus, we hypothesize that the difference in model bias in BCC vs. BCS is likely 
due mostly to an error in model emissions. The text has been edited to more clearly 
state this.  

Table R3: CAM5 Monthly BC-in-snow-surface and BC-in-snow-column at 36 sites 
from December to March. (“N/A” means no snow in the model grid.)  
 
Comparison 
pair i 

BC-in-snow-surface (ng g-1) BC-in-snow-column (ng g-1) 
Dec Jan Feb Mar Dec Jan Feb Mar 

1 13 4 N/A N/A 10 1 0 0 
2 7 22 7 1 5 9 5 0 
3 9 20 6 N/A 10 13 4 0 
4 6 20 7 N/A 4 13 6 0 
5 6 9 2 N/A 5 6 1 0 
6 6 12 24 N/A 5 9 20 0 
7 7 22 6 N/A 6 16 4 0 
8 14 13 20 57 13 11 13 21 
9 11 15 20 54 12 11 13 19 
10 11 19 30 49 8 9 13 20 
11 9 16 22 35 8 9 12 17 
12 24 22 37 35 20 17 18 26 
13 84 56 48 42 57 59 25 27 
14 39 57 22 17 26 46 12 14 
15 51 87 42 27 21 36 25 18 
16 86 56 44 61 53 61 41 38 
17 43 27 40 59 27 26 27 39 
18 32 28 35 37 25 23 23 24 
19 38 39 37 42 30 29 28 26 
20 76 51 41 59 59 47 39 35 
21 74 48 70 73 50 47 43 43 
22 30 19 49 37 16 17 18 20 
23 32 26 46 46 14 17 18 21 
24 16 14 32 38 12 11 12 14 
25 6 6 20 18 7 6 7 8 
26 5 5 12 10 5 5 6 6 
27 2 2 5 4 5 4 4 4 
28 16 14 32 38 12 11 12 14 
29 20 14 35 49 16 15 15 18 
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30 30 29 44 54 16 20 22 24 
31 57 37 37 41 48 32 28 28 
32 34 38 29 41 24 26 24 25 
33 9 8 22 32 8 8 9 10 
34 25 29 32 47 18 20 19 21 
35 31 40 34 46 27 29 26 27 
36 37 44 44 44 27 28 31 30 

	  

 
Page 12974, lines 7-28: Potential emissions of BC particles from soils as source of 
missing BC in snow in the model is an interesting topic. Soils can indeed contain 
microscopic particles of charcoal from vegetation fires and particles from coal 
combustion (Schmidt and Noack, 2000). However, various processes such as soil 
erosion, BC decomposition, etc. need to be considered for potential emissions of BC 
from soils. What concrete observational evidence exists for a soil source of measured 
BC snow concentrations in this study? How can the fingerprint of a soil component in 
the PMF analysis be explained? Soil particles and BC are both often found in snow 
but this does not necessarily imply a common source. For instance, deposition of soil 
and BC to a snow field would be positively correlated if disturbed soils and fossil fuel 
sources of BC are both upwind of the snow field. Further, forest fires plumes may 
contain soil chemical elements and can therefore also produce a positive correlation. 
Hence it is not clear how a lack of BC in snow can be explained by missing (direct) 
emissions from soils in the model. 
 
Response: We too think this is an interesting topic and thus we explained in the text 
our hypothesis of the importance of soil BC in the Northwest USA domain (e.g., 
Schmidt and Noack, 2000; Hegarty et al., 2011). We do not have concrete and direct 
observational evidence of there being BC in the soil source that ends up in the snow, 
but infer this from the PMF analysis. The interpretation of the soil factor in the PMF 
analysis is based on the measured high loadings of well-known soil constituents such 
as Al, K, Ti, V, Ca and As (see Figure S3 in the supplement). We agree that some of 
these soil chemical elements may partly originate from forest fires. A PMF analysis is 
much more than a simple correlation analysis. The ranked, orthogonal covariance 
analysis tells us that the optimum variance reduction is achieved when part of the BC 
is in fact from a source distinct from direct fire emissions even when such emissions 
are present. Furthermore, this source is associated with soil markers. Hence, the PMF 
results do suggest a separate soil source and such a source is both plausible and 
consistent with the soil data for the Northwest USA region, as discussed in the text. 

While the magnitude of this source of BC to snow as quantified by the PMF analysis 
has large uncertainties, it does suggest that this mechanism for getting BC into snow 
is not insignificant in some locations. We believe that wind-blown soil BC, as 
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opposed to atmospheric BC directly from emissions, contributes to BC measured in 
the snow. Importantly, as we point out, this process is not considered in the model 
simulation. We have now clarified more on this in the revised manuscript accordingly. 
 
P. 12978, line 5-7: Please add more quantitative information about the differences. 
What are the mean values and standard deviations? 
Response: Done as suggested. The text is revised to “Compared to the original PMF 
values (including contributions from FF, BB and soil), CAM5 underestimates the BB 
contribution for 80% of the comparison pairs (modeled mean and standard deviation 
of 18%±5% vs. PMF values of 28%±22%) and overestimates the FF contribution for 
all comparison pairs (82%±5% vs. 47%±21%).” 

 
P. 12978, line 9: Define what combustion sources are considered. Does this refer to 
fossil fuel combustion emissions (P. 12974, line 9)? 
Response: The combustion sources mentioned here include fossil fuel combustion and 
biofuel/biomass burning that are considered in the CAM5 simulation. This has now 
been clarified in the revised manuscript.  

 
P. 12980, line 4-5. A simple linear relationship in latitudinal variations in BC 
radiative forcing and BC deposition flux cannot necessarily be expected and the 
meaning of such a relationship is not clear. For instance, the radiative forcing depends 
on insolation and therefore latitude, which is not considered here. In addition, as 
explained above, JFM deposition fluxes and concentrations are not a good proxy of 
the BC loading in the snow pack. Furthermore, the discussion of radiative forcings 
does not seem to be logically connected to discussions in the rest of the paper. 
Response: We agree with the referee’s arguments here. However, both the 
atmospheric and in-snow BC radiative forcings were calculated interactively in the 
CAM5 simulation using online radiative transfer models with factors such as 
atmospheric and in-snow BC concentrations, latitude-dependent insolation, particle 
sizes and optical properties considered. No simple linear relationship between BC 
forcing and deposition flux was used. Such a relationship was simply meant as a 
first-order approximation if we were to attribute the calculated radiative forcing to the 
different sources. This has now been clarified in the revised manuscript. We believe 
the radiative forcing calculation would be of interest to colleagues who have done/are 
doing similar calculations for the same region and other parts of the globe. It is also 
useful to compare the forcing between different regions and with global mean values. 
Therefore, we decided to keep the discussion but we now provide some context for 
this in the introduction section.      
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Referee #2  

This paper concerns a tagging technique of black carbon (BC) emissions to study the 
source-receptor relationship for BC in the atmosphere and on snow in Western North 
America using CAM5. The model results are compared with observations in the 
region. As most models seems to underestimate BC near the surface at high latitudes, 
this paper is relevant and might be of great interest to the scientific community. The 
questions raised in the study is within the scope of ACP. The figures are in good 
quality and the figure captions explain the figures well. However, for the paper to be 
published in ACP, some revisions need to be done. The authors should work more on 
the overall presentation of their results. 
 
Specific Comments: 

1. In general, I think the paper is somewhat too long and unfocused. The paper would 
benefit from a substantial reduction both in the Methods chapter and also the Results 
and Discussion. An effort to focus those parts would make the paper much easier to 
read. You explain your methods well, but there are still parts in Methods that can be 
moved to Introduction or Supplementary. For instance, the second paragraph in 2.1 
Observations you discuss what is new in this study and what previous studies have 
done. 2.1 should only describe the actual observations, and the rest can be 
skipped/compressed/moved to introduction. There are many equations in 2.3 and 2.4 
that can be moved to Supplementary if necessary. Also, in the Results chapter, only 
results should be presented (and not repetition of Methods for instance). The whole 
Results chapter can be shortened for clarity. 
Response: Thanks for the constructive suggestions. We have now significantly 
revised the Methods section and the Results section following the suggestions. 
Section 2.1 is shortened with some necessary information moved to introduction. 
Some of the equations in sections 2.3 and 2.4 are lengthy but they are important to 
calculations used in the Results section. Thus we decide to move them to the 
Appendix so that they won’t affect the flow of the paper but can be easily accessed by 
readers. Repetition of methods in the Results section has been removed. 
 
2. The authors should explicitly state why this study is important. Also, what are the 
benefits of using this tagging technique instead of doing emissions perturbations? By 
focusing the paper and skipping parts that are not relevant, the new contribution 
would be easier to detect. 
Response: Black carbon (BC) is believed to be an important climate-warming forcing 
agent in the climate system. However, the global BC forcing estimate is very 
uncertain, mostly because of large uncertainties in global BC emissions and 
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parameterizations of BC-related processes in global models. Observational and 
modeling studies focusing on specific regions have been useful for reducing such 
uncertainties. Previous BC studies, especially those addressing BC-in-snow effects, 
have mostly focused on polar regions and mountainous regions. The climate effect of 
BC might be greater in mid-latitude regions, among which North America has 
received less attention. The recent large-area survey of observed BC in snow in 
Western North America provides an opportunity for assessing how well global 
models predict BC concentrations in snow. These factors motivated the present study. 
Another important reason is that the prediction of global spatial distribution of BC by 
the Community Atmosphere Model (CAM5) has been significantly improved (Wang 
et al., 2013) and, additionally, a BC source-tagging technique was recently 
implemented to the model for source-attribution study (Wang et al., 2014; Zhang et al., 
2015). Different global modeling approaches have been previously employed to 
establish aerosol source-receptor relationships, among which emissions perturbations 
have been widely used. Not only does this approach assume a linear response to 
perturbations to get fractional contribution of different sources, but it also requires 
additional simulations for each source perturbation. The latter would add about 30 
times more computational cost that our direct tagging approach for the 32 source 
regions/sectors. Thus we believe the tagging technique is more computationally 
efficient and gives more accurate results.  

We have now clarified this in the revised manuscript. 
 
3. I am a bit confused why you separate out BF from FF and lump together with BB. 
The ECLIPSE emissions have different sectors compared to the previous ones from 
Dentener et al (2006). For instance flaring is included as a sector in ECLIPSE. There 
are no easy way to separate out BF, but you should at least discuss your assumptions 
further. What uncertainties do you introduce? 
Response: The main purpose of the regrouping is to facilitate the comparison with the 
PMF analysis, which is able to distinguish BC from the combustion of fossil fuels 
versus BC from the combustion of biomass/biofuels. The chemical markers from open 
biomass burning (e.g. forest fires) and biofuel burning (e.g. woodsmoke from 
fireplaces and wood stoves) are quite similar so we could not distinguish the two in 
the PMF. The text has been edited to more clearly state this. We also revised Figure 1 
to show BF and biomass burning contributions separately in each source region, and 
created a table (Table R1) to compare emissions from the different sectors between 
ECLIPSE/GFED3 and the popularly used IPCC AR5 data sets, which indicates that 
the oil and gas flaring in ECLIPSE should not significantly affect our results. Please 
see our response to the similar comment from referee #1.    



	  
	  

12	  

  
4. Klimont et al. is still in preparation the ECLIPSE emissions data set v4a, but in the 
meantime Stohl et al. 2015 should be a sufficient reference: http://www.atmoschem-     
phys-discuss.net/15/15155/2015/acpd-15-15155-2015.html Here, the emissions are 
described in more detail. 
Response: Thanks for pointing to the reference, which is now referred to in the 
manuscript. 
 
5. In the results chapter; would it be an idea to not use the abbreviations for the source 
regions? This will make it easier to follow. 
Response: We now tried to spell out the source regions frequently and make the 
results easier to follow. 
 
6. The radiative forcing sub chapter was unexpected. You have not mentioned this 
earlier in the paper. How is the forcing calculated? How did you estimate BC DRF in 
the atmosphere? As a difference between surface and TOA? How do you calculate the 
surface RF (dimming) compared to output from SNICAR? Also, you conclude that a 
positive forcing at the surface (?) means heating at the surface. This is not correct, and 
I would avoid writing this unless you have a fully coupled climate run. Whether BC 
warms the surface depend on the height of BC in the atmosphere. You also find a 
correlation between deposition and surface RF. What about the albedo? Solar 
radiation? You only look at the winter months. The section in its current form seems 
misplaced. I suggest to either expand the analysis, or to skip this section entirely. 
Response: We have now added to the introduction some background information for 
the BC radiative forcing calculation. Although our model simulation is not a fully 
coupled climate run, in which temperatures of ocean, land surface and atmosphere 
evolve freely, both the atmospheric and in-snow BC radiative forcings were 
calculated in the CAM5 simulation using online radiative transfer models (RRTMG 
for atmospheric radiation and SNICAR for BC in snow/ice). BC direct radiative 
forcing (DRF) in the atmosphere was estimated as the difference between the net 
radiative fluxes at the surface and TOA. Atmospheric BC has a net heating effect in 
the atmosphere and a net cooling effect at the surface (i.e., surface dimming). 
BC-in-snow effect is to increase the absorption of solar radiation in snow and, 
therefore, reduce the reflected radiation from the surface, representing a radiative 
heating effect. In the surface energy budget equation, atmospheric BC reduces 
downwelling shortwave radiative flux while in-snow BC reduces upwelling 
shortwave radiative flux. We believe there is no problem in this. However, the 
longwave radiative fluxes and surface sensitive/latent heat fluxes are not discussed 
here. 
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7. I’m curious about the BC in soils. How do you find this in your own analysis? I am 
not sure if I understood this correctly. Since this is part of your conclusions, it should 
be elaborated a bit more I think. 
Response: BC in soil was identified by chemical “fingerprints’ in the PMF analysis 
(Figure S3; more detailed discussion of the PMF analysis can be found in Doherty et 
al., 2014). Please also see our response to the similar comment raised by referee #1.  
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Abstract 1	  

The Community Atmosphere Model (CAM5), equipped with a technique to tag black carbon 2	  

(BC) emissions by source regions and types, has been employed to establish source-receptor 3	  

relationships for atmospheric BC and its deposition to snow over Western North America. The 4	  

CAM5 simulation was conducted with meteorological fields constrained by reanalysis for year 5	  

2013 when measurements of BC in both near-surface air and snow are available for model 6	  

evaluation. We find that CAM5 has a significant low bias in predicted mixing ratios of BC in 7	  

snow but only a small low bias in predicted atmospheric concentrations over the Northwest USA 8	  

and West Canada.  Even with a strong low bias in snow mixing ratios, radiative transfer 9	  

calculations show that the BC-in-snow darkening effect is substantially larger than the BC 10	  

dimming effect at the surface by atmospheric BC. Local sources contribute more to near-surface 11	  

atmospheric BC and to deposition than distant sources, while the latter are more important in the 12	  

middle and upper troposphere where wet removal is relatively weak. Fossil fuel (FF) is the 13	  

dominant source type for total column BC burden over the two regions. FF is also the dominant 14	  

local source type for BC column burden, deposition, and near-surface BC, while for all distant 15	  

source regions combined the contribution of biomass/biofuel (BB) is larger than FF. An 16	  

observationally based Positive Matrix Factorization (PMF) analysis of the snow-impurity 17	  

chemistry is conducted to quantitatively evaluate the CAM5 BC source-type attribution. While 18	  

CAM5 is qualitatively consistent with the PMF analysis with respect to partitioning of BC 19	  

originating from BB and FF emissions, it significantly underestimates the relative contribution of 20	  

BB. In addition to a possible low bias in BB emissions used in the simulation, the model is likely 21	  

missing a significant source of snow darkening from local soil found in the observations.  22	  
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1   Introduction 23	  

Black carbon (BC) is the most light-absorbing component of anthropogenic aerosols, and it has 24	  

been assessed to be responsible for a significant fraction of the climate warming in the Northern 25	  

Hemisphere (Bond et al., 2013). BC-containing particles impact the radiative balance of the 26	  

Earth-atmosphere system in several ways, including their “dimming effect” of reducing the 27	  

amount of radiation reaching the surface, heating the atmosphere by absorbing radiation, and a 28	  

darkening effect when incorporated in snow/ice at the surface, thereby increasing absorbed solar 29	  

radiation (Flanner et al., 2007, 2009). The latter effect is of special interest due to the strong 30	  

positive feedbacks it can trigger (e.g. Hansen and Nazarenko, 2004; Flanner et al., 2007; Bond et 31	  

al., 2013). Largely because of this latter effect, BC may play a key role in causing climate 32	  

change in the snow and ice covered regions of the globe, which have undergone accelerated 33	  

change in recent decades (Lubin and Vogelmann, 2006; Lewis et al., 2007; IPCC, 2013). There 34	  

have been numerous studies, both observational and modeling, attempting to highlight and 35	  

understand the role of BC in accelerating changes in the cryosphere (e.g., Warren and 36	  

Wiscombe, 1980; Clarke and Noone, 1985; Hansen and Nazarenko, 2004; Jacobson, 2004; 37	  

Flanner et al., 2007, 2009; Ming et al., 2008; Xu et al., 2009; Koch et al., 2009; Doherty et al., 38	  

2010, 2013; Qian et al., 2011, 2015; Huang et al., 2011; Ye et al., 2012; Wang et al., 2015). 39	  

However, with a few notable exceptions, the focus of these studies has been either in the Polar 40	  

Regions or sharply circumscribed mid-latitude mountainous regions. Some recent studies (e.g., 41	  

Flanner et al., 2009; Shindell and Faluvegi, 2009; Bond et al., 2013) have pointed out that the 42	  

climatic effect of BC might be greater at mid-latitudes, a relatively understudied region, from the 43	  

standpoint of global mean forcing. 44	  



	  

4	  
	  

An important aspect of the BC−climate connection is the source attribution of BC in the 45	  

Earth system. Such attribution is important for the formulation of mitigation strategies, a 46	  

particularly acute issue for BC since its relatively short lifetime holds promise for mitigation of 47	  

near-term climate warming. In addition, the global BC forcing estimate is very uncertain mostly 48	  

because of large uncertainties in BC emissions (e.g., Bond et al., 2013). Observational and 49	  

modeling source-attribution studies focusing on specific receptors regions are useful for 50	  

identifying biases in emissions. Previous source attribution studies have primarily focused on 51	  

sources of BC to the Arctic (e.g., Law and Stohl, 2007; Shindell et al., 2008; Hirdman et al., 52	  

2010a, b; Huang et al., 2010; Jacobson, 2010; Hegg et al., 2009, 2010; Stohl, 2006; Sharma et al., 53	  

2006, 2013; Sand et al., 2013; Wang et al., 2014), the Antarctic (e.g., Graf et al, 2010), or 54	  

various mountain regions (Fagerli et al., 2007; Kopacz et al., 2011; Lu et al., 2012; Zhang et al., 55	  

2015; Wang et al., 2015). A number of studies have also suggested the importance of long-range 56	  

transport of aerosols to North America (e.g., Jaffe et al., 1999; VanCuren, 2003; Park et al., 2005; 57	  

Heald et al., 2006; Chin et al., 2007; Hadley et al., 2007; Eguchi et al., 2009; Clarke and 58	  

Kapustin, 2010; Fischer et al., 2010; Yu et al., 2012, 2013). A few of these studies assessed 59	  

transport of BC to North America from various remote source regions using numerical models. 60	  

For example, Hadley et al. (2007) found that long-range transport from Asia was a major source 61	  

of BC in the upper atmosphere over North America.  62	  

Recently, Wang et al. (2014) introduced an explicit aerosol tagging technique to a global 63	  

aerosol-climate model to produce a detailed characterization of the fate of BC in receptor regions 64	  

of interest emitted from various geographical source regions. Compared to other widely-used 65	  

approaches (e.g., the emissions perturbation approach) that have been previously employed to 66	  

establish global aerosol source-receptor relationships, the tagging approach neither assumes a 67	  
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linear response to perturbations to get fractional contribution of different sources, nor requires 72	  

additional simulations for each source perturbation. Thus we believe the tagging technique is 73	  

more computationally efficient and gives more accurate results. Zhang et al. (2015) extended the 74	  

Wang et al. (2014) modeling tool so it tags source types/sectors in addition to source regions, and 75	  

they conducted a BC source attribution analysis over the Himalayas and Tibetan Plateau. This 76	  

modeling framework provides a powerful tool for looking at source attribution of BC in North 77	  

America, an understudied mid-latitude region for BC in snow.  78	  

A key facet of employing any model such as that of Zhang et al. (2015) is an assessment 79	  

of how well it actually reproduces observed values. Atmospheric observational data from the 80	  

Interagency Monitoring of Protected Visual Environments (IMPROVE) long-term surface 81	  

monitoring network permit an assessment of model predictions of near-surface atmospheric 82	  

concentrations of BC. Observations of BC in snow in the Arctic and North China have been used 83	  

to evaluate models in several previous studies (e.g., Flanner et al., 2007; Skeie et al., 2011; Wang 84	  

et al., 2011; Lee et al., 2013; Jiao et al., 2014; Qian et al., 2014; Zhao et al., 2014).  A recent 85	  

study by Doherty et al., (2014) presented a large-area survey of observed BC concentrations in 86	  

snow in Western North America (Fig. S1), affording an opportunity to make such an assessment 87	  

for model predictions of BC in snow. For the first time, we use their measurements of BC in 88	  

snow over North America to evaluate our global aerosol-climate model in terms of the amount 89	  

and sources of BC in snow. The Doherty et al. (2014) study included a Positive Matrix 90	  

Factorization (PMF) source attribution analysis of BC in snow, making feasible an additional 91	  

assessment of the source attribution of BC in snow in the enhanced CAM5 model. Here we 92	  

assess the CAM5 results against these observations and analyses for two receptor areas defined 93	  

by the western North American region for which the Doherty et al. (2014) data are available.  94	  
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Additionally, we present radiative transfer calculations in the atmosphere and snow with 106	  

the evaluated model to assess the impact of the modeled BC as well as dust on the radiative 107	  

balance for the studied region.  This facilitates a comparison of the radiative forcing between this 108	  

region and other mid-latitude or high-latitude regions.   109	  

 110	  

2   Methods 111	  

2.1   Observations 112	  

Monthly mean near-surface atmospheric BC concentrations for January, February and March of 113	  

2013 used in this study are from IMROVE non-urban background sites within the United States 114	  

(Malm et al., 1994). Fine particles (PM2.5, particles with aerodynamic diameters < 2.5 µm) are 115	  

captured on filters, which are weighed and then subjected to BC concentration analysis using the 116	  

thermal-optical measurement technique in a laboratory (Chow et al. 1993, 2007). 117	  

While previous observation/model comparisons of BC in snow have typically compared 118	  

BC mixing ratios in the surface snow, here we compare the average snow column BC mixing 119	  

ratio (calculated as the sum of all BC in the snow column divided by the column equivalent 120	  

water mass, hereafter BCC) over a specified period of time. This is likely a better metric for 121	  

model comparison than the BC concentration in the top snow layer only, since surface snow 122	  

mixing ratios at a given point in time can be strongly affected by, e.g., how recently new snow 123	  

fell, accurate representation of BC mixing ratios in the most recent snowfall and other processes 124	  

that can vary on the timescale of days. In particular, melting of surface snow can strongly 125	  

enhance surface snow mixing ratios but melting followed by percolation and refreezing 126	  

redistributes BC particles within the snow column, resulting in no change to the total BC mass in 127	  

the snow column. Indeed, Doherty et al. (2014) found that BCC is more regionally consistent 128	  
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than BC concentrations in top snow layer. Further, they showed that while there were vertical 147	  

variations in the mixing ratio of BC in snow at their study sites there is no consistent vertical 148	  

gradient. This is also the case in the model Table S1 consistent with the fact that BC emissions 149	  

during the cold season don’t have strong temporal gradient. Hence, in this study, we use the BCC 150	  

data from Table 6 of Doherty et al. (2014) to evaluate our model.   151	  

The BCC estimates by Doherty et al. (2014) are based on samples of seasonal snow 152	  

collected January through March 2013 at 67 sites in the northwest and north-central U.S. and 153	  

Canada. Snow BC mixing ratios are estimated based on an optical measurement of spectrally-154	  

resolved light absorption by all particles in the snow, using an ISSW (Integrating 155	  

Sphere/Integrating Sandwich) Spectrophotometer (Grenfell et al., 2011).  Absorption is 156	  

apportioned to BC and non-BC particulate components using the measured absorption Ångström 157	  

exponent 450-600 nm along with assumed absorption Ångström exponents of the BC and non-158	  

BC components. Note that the absorption Ångström exponent is the slope of the logarithm of 159	  

absorption versus the logarithm of wavelength.  Absorption attributed to BC is then converted to 160	  

a BC mass mixing ratio using a set of calibration standards with weighed amounts of synthetic 161	  

BC. Full details of the analysis are given by Grenfell et al. (2011) and Doherty et al. (2014). Of 162	  

relevance here is that this is not a direct measure of BC, but an estimate of mass based on 163	  

measured absorption and the assumed optical properties of these absorbing components. 164	  

2.2   Model description and experimental design 165	  

An explicit BC source tagging capability was developed in the Community Atmosphere Model 166	  

version 5 (CAM5) by Wang et al. (2014), and they applied it to establish source-receptor 167	  

relationships for BC in the Arctic and quantify source contributions from a few major 168	  

geographical regions.  Zhang et al. (2015) extended this tool to quantifying sources of BC in the 169	  
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Himalayas and Tibetan Plateau originating from biomass & biofuel (BB) and fossil fuel (FF) 177	  

sectors in various regions. In this study, we use CAM5 with this explicit BC tagging technique, 178	  

including a recently improved representation of convective transport and wet scavenging of 179	  

aerosols (H. Wang et al., 2013). We conduct a CAM5 simulation at a horizontal resolution of 180	  

1.9° × 2.5° and 56 vertical levels in the specified dynamics mode (Ma et al., 2013), in which 181	  

model meteorology (e.g., wind, temperature, surface pressure, surface stress, and surface fluxes) 182	  

are constrained to agree with the NASA Modern Era Retrospective-Analysis for Research and 183	  

Applications (MERRA) 6 hourly reanalysis (Rienecker et al., 2011), while atmospheric 184	  

constituents such as water vapor, clouds, and aerosols are allowed to evolve according to their 185	  

prognostic equations in the model. Although land surface processes including those involve BC 186	  

in snow are not directly nudged to observations, the constrained meteorological fields should 187	  

make modeled precipitation and BC deposition more accurate. Monthly-mean model fields for 188	  

January to March 2013 are used for the comparison to observations in the large-area survey of 189	  

BC in snow in Western North America (Doherty et al., 2014) and in the comparison to the 190	  

IMPROVE surface network measurements, and they are used to establish source-receptor 191	  

relationships and quantify BC radiative forcing.  192	  

Accurate BC emissions are critical to accurate modeled distributions of BC in the 193	  

atmosphere and snow, but BC emissions are highly uncertain (e.g., Bond et al., 2013). Instead of 194	  

using the Intergovernmental Panel on Climate Change (IPCC) AR5 present-day (year 2000) BC 195	  

inventory (e.g., Lamarque et al., 2010), we compile a new BC emission dataset of year 2010 for 196	  

our simulation. The 2010 BC emission dataset consists of three parts: 1) The annually-constant 197	  

total BC emissions over land surfaces, obtained from the ECLIPSE (Evaluating the Climate and 198	  

Air Quality Impacts of Short-Lived Pollutants) V4a dataset (Stohl et al., 2015), which was 199	  
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developed within the framework of the ECLIPSE European project (http://eclipse.nilu.no) using 203	  

the Greenhouse gas and Air pollution Interactions and Synergies (GAINS) model (Amann et al., 204	  

2011), including BC emissions from gas flaring (Stohl et al., 2013); 2) The 2010 annually-205	  

constant BC shipping emissions from the IPCC RCP6 (Representative Concentration Pathways); 206	  

and 3) The 2010 seasonally-varying biomass burning BC emissions from the Global Fire 207	  

Emission Database (GFED) version 3 (van der Werf et al., 2010). Emission datasets for all other 208	  

aerosol species are obtained from the IPCC AR5 emission inventories (Lamarque et al., 2010).  209	  

To prepare BC emissions for the source-type tagging in the CAM5 simulation, we first 210	  

divide the total ECLIPSE BC emissions over land surface into two types, fossil fuel and biofuel, 211	  

using the ratio of biofuel to the total (biofuel plus fossil fuel) in each model grid provided by 212	  

Dentener et al. (2006). In order to make the model source categories directly comparable to those 213	  

given by the PMF analysis using the observational data, we then combine the GFED biomass 214	  

burning emissions and ECLIPSE surface biofuel emissions to form the BB emission sector 215	  

(biofuel and biomass). This is because, as discussed below, the PMF is unable to distinguish 216	  

open burning (fires) from biofuel burning. The IPCC RCP6 shipping emissions and ECLIPSE 217	  

surface fossil fuel emissions are also combined to form the FF emission sector (fossil fuel). 218	  

Figures S2 shows the geographical distributions of JFM (Jan., Feb. and Mar.) mean BB and FF 219	  

BC emission rate for year 2010 dataset we compiled. 220	  

Following the division of source/receptor regions in Work Plan (WP 2.1) of the Task 221	  

Force on Hemispheric Transport of Air Pollution (http://iek8wikis.iek.fz-222	  

juelich.de/HTAPWiki/WP2.1), we define fifteen geographical source regions (Fig. 1a) for this 223	  

study, including ARC (Arctic), WCA (West Canada and Alaska), ECA (East Canada), LAM 224	  

(Latin America), NWU (Northwest USA), NEU (Northeast USA), SWU (Southwest USA), SEU 225	  
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(Southeast USA), EAS (East Asia), SAS (South Asia), SEA (Southeast Asia), ERCA (Europe, 227	  

Russia and Central Asia), AFME (Africa and Middle East), PAN (Pacific, Australia and New 228	  

Zealand), and ROW (Rest of World).   229	  

Figure 1b summarizes the fractional contributions to global total BC emissions by 230	  

different source regions and sectors. The JFM mean global total BC emission rate is 7.69 Tg yr-1 231	  

with 53.5% (sum of the red bars) from the BB sector and 46.5% (sum of the blue bars) from the 232	  

FF sector. Emissions from source regions in North America (i.e., WCA, ECA, NWU, NEU, 233	  

SWU and SEU) are quite low compared to the emissions from the major source regions in Asia, 234	  

Europe and Africa.  235	  

2.3   Metrics 236	  

Here we define two metrics, following Lee et al. (2013), to quantify the deviation of the 237	  

simulated values from the observations. 238	  

(1) Log-mean normalized bias (LMNB) is defined as 239	  

LMNB   =   
!"#!"

!!"#
!

!!"#
!

!

!!!
!

                      (1) 240	  

(2) Log-mean normalized error (LMNE) is defined as   241	  

LMNE   =   
!"#!"

!!"#
!

!!"#
!

!

!!!
!

                (2) 242	  

N is the total number of data points in a given region for model evaluation. At each point 243	  

i, the modeled value (𝐶!"#! ) represents the grid mean, while the observed value (𝐶!"#! ) is the 244	  

average of all point measurements taken within the model grid cell.  245	  

 246	  
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We also define metrics to quantify fractional contribution (𝐶!!! and 𝐶!!!) and emission 247	  

source efficiency (𝑆!!! and 𝑆!!!), following Zhang et al. (2015), as follows: 248	  

𝐶!!! =
!!
!!

(!!
!!!!!

!!)!
!!!

                                                        𝐶!!! =
!!
!!

(!!
!!!!!

!!)!
!!!

                          (3) 249	  

where 𝐶!!!   and  𝐶!!!  are fractional contributions of BB and FF emissions, respectively, 250	  

originating from the source region i to a BC property 𝐴!!!   and  𝐴!!! (e.g., mass mixing ratio, 251	  

column burden, or deposition flux) in a specified receptor region; and  252	  

𝑆!!! =
!!
!!

!!
!!

(!!
!!!!!

!!)!
!!!

                                                  𝑆!!! =
!!
!!

!!
!!

(!!
!!!!!

!!)!
!!!

                           (4) 253	  

where 𝑆!!!   and  𝑆!!! are the source efficiencies of BB and FF emissions, respectively, originating 254	  

from the source region i, in changing BC in a specified receptor region. 𝐸!!!   and  𝐸!!! are the BB 255	  

and FF emission rates, respectively, in the source region i. The summation    (𝐸!!! +!
!!!256	  

𝐸!!!)  represents the global total emission rate from all source regions (N = 15 in this study). Thus 257	  

the denominator terms are the corresponding contribution of BB or FF emissions in source 258	  

region i to the global total BC emissions (Fig. 1b), and the efficiencies 𝑆!!!   and  𝑆!!! characterize 259	  

the sensitivity of BC properties in a specified receptor region to per-unit BB and FF emissions, 260	  

respectively, in source region i. 261	  

2.4   Data preparation for source attribution         262	  

In addition to BC concentrations in snow, Doherty et al. (2014) also provide a PMF analysis of 263	  

the sources of light absorption by all particulates in the snow. In brief, the PMF analysis 264	  

determined the set of orthogonal factors, each with an associated chemical “fingerprint”, that are 265	  

associated with variations in light absorption by all particulates in snow. Each of the factors are 266	  

then associated with specific source types (e.g. biomass burning, fossil fuel burning, soil, mineral 267	  
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dust, etc.) based on their chemical fingerprints. The chemical markers from open biomass 276	  

burning (e.g., forest fires) and biofuel burning (e.g., woodsmoke from fireplaces and wood 277	  

stoves) are quite similar, so biomass and biofuel sources cannot be distinguished in the PMF; 278	  

both sources would be included in the factor identified as “biomass burning (BB)”. In order to do 279	  

a comparison to CAM5, which tracks the sources of BC only, rather than all light-absorbing 280	  

species to snow, we re-ran the PMF analysis so it determined the sources that contribute to 281	  

variations in snow BC only (i.e. 𝐶!"!"#, in Doherty et al., 2014). This PMF analysis of sources of 282	  

BC in snow (Fig. S3) shows a similar, though not identical, source attribution as that for all light-283	  

absorbing particulates in snow (given in Doherty et al., 2014). For both, the main source sectors 284	  

are pollution (likely mainly fossil fuel combustion), soil, and biomass/biofuel burning. These 285	  

three categories account for almost all of the light absorption by BC and other particles in the 286	  

snow samples. The fractional contribution of the fossil fuel/pollution source is higher for BC 287	  

(Fig. S3) than for total particulate absorption (Doherty et al., 2014), and the fractional 288	  

contribution by the soil factor is lower for BC than for total particulate absorption. The issue of 289	  

the nature of a BC component associated with soil, which is not intuitively obvious, is discussed 290	  

below. 291	  

The estimated snow BC concentration used in the PMF analysis and the fraction of 292	  

absorption due to the biomass burning, pollution/fossil-fuel and soil sources (FBB, FFF and FSOIL) 293	  

from the PMF analysis, are given in the Table S2. The PMF analysis allows some factors to 294	  

contribute negative fractions to absorption, which is of course unphysical. To rationalize the data 295	  

for comparison with CAM5, we first set all negative fractions FBB, FFF and FSOIL to zero, and 296	  

then scale the remaining fractions so that they sum to 1.0, yielding adjusted values fBB, fFF and 297	  

fsoil.  298	  
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We next calculate average fractional contributions by the BB and FF sources from the 304	  

PMF analysis for each of the snow samples sites falling within a given model grid box, using Eq. 305	  

(A1) in the Appendix. It is important to note that the sum of BB and FF contributions does not 306	  

necessarily equal to 100%. This is, of course, because of the soil source in the PMF model, a 307	  

source of BC not present in CAM5. This renders the comparison between the model (i.e., 308	  

CAM5) and observed (i.e., PMF) sources of BC imperfect, an issue that will be discussed further 309	  

below. The CAM5 JFM mean fractional contributions for the BB and FF sectors in each model 310	  

grid box, where observational/PMF data are available, are calculated using Eq. (A2). Note that 311	  

the sum of BB and FF contributions equals to 100%.   312	  

Based on the above procedures, we calculate the regional average of fractional 313	  

contributions from the BB and FF sectors from the PMF analysis and from the CAM5 simulation 314	  

using Eqs. (A3) and (A4), respectively. In principle, another fraction corresponding to the soil 315	  

contribution should also be present in Eq. (A3) for the PMF analysis. By excluding this fraction, 316	  

we are essentially renormalizing our fractional contributions such that 𝐵𝐵!"#  𝑎𝑛𝑑  𝐹𝐹!"# now 317	  

represent the fractions of direct combustion emissions (fossil fuel and biomass/biofuel) that can 318	  

be attributed to the BB and FF sectors. This renders these fractions equivalent to those generated 319	  

by CAM5 via Eq. (A4).  320	  

 321	  

3   Results and discussion 322	  

3.1   Near-surface atmospheric BC concentrations 323	  

There are 42 non-urban IMPROVE observation sites available in the northwest of the USA 324	  

(Figure S4). For comparison with model results, measurements at sites located in the same model 325	  

grid box are averaged first. As a result, we obtain 30 model/observation comparison pairs. The 326	  
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following analysis is based on the JFM mean modeled and observed values for these 30 375	  

comparison pairs.  376	  

Figure 2a shows the scatter plot of simulated versus observed JFM mean near-surface BC 377	  

concentrations. About 57% of the ratios fall within a factor of 2. The linear correlation 378	  

coefficient (R) is 0.5. The statistical significance of R is at >99% confidence level (p = 0.005, N 379	  

= 30). The LMNB and LMNE are calculated using Eqs. (1) and (2), respectively. The CAM5 380	  

results over the 30 grid boxes have LMNB of -0.05, which means that the model-predicted BC 381	  

concentrations are smaller than observations by 11% (=1-10-0.05) on average. The model error 382	  

relative to the observations is, however, more substantial. The LMNE is 0.3, which means that 383	  

the model predictions are, on average, within a factor of 2 (=100.3) of the observations. Figure 2b 384	  

shows statistics for the JFM near-surface BC concentrations for the IMPROVE observations and 385	  

CAM5 results, respectively. The model moderately under-predicts mean and median BC 386	  

concentrations, as expected. The maximum observed and modeled near-surface BC 387	  

concentrations among the sites are close, but the modeled minimum and 25th percentile values 388	  

are higher than observed values. The observed and modeled mean values (± standard deviation) 389	  

are 72.0±63.3 ng m-3 and 54.8±42.5 ng m-3, respectively. The strong spatial variation in BC over 390	  

these sites, indicated by the high coefficient of variation (i.e., the ratio of the standard deviation 391	  

to the mean – see also the spatial distributions of BC in Fig. S4), renders the comparison of these 392	  

mid-latitude observations with CAM5 (having a horizontal grid spacing of 1.9°×2.5°) 393	  

challenging. In this light, we consider the model-observational agreement within a factor of two 394	  

quite reasonable.  395	  

3.2   BC in snow column 396	  
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In addition to evaluation of BC in the atmosphere, we also evaluate the model 397	  

performance with respect to BC in snow. Figure 3 shows a comparison between CAM5 398	  

predictions of BCC and the corresponding observations of BCC from the 49 sampling sites given 399	  

in Table 6 of Doherty et al. (2014), where total-column snow BC could be calculated. We obtain 400	  

36 observation/model comparison pairs by averaging measurements made at all sites located in 401	  

the same model grid box.  This results in 20 comparison pairs in the Northwest USA and 16 in 402	  

West Canada (Fig. 3d; BCC concentrations for individual pairs are summarized in Table S3). 403	  

Modeled BCC does not differ appreciably between January, February and March for the grid 404	  

boxes where we made comparisons, so we use the mean BCC across all three months (JFM) in 405	  

the comparison with the observation.  406	  

Figure 3a shows the scatter plot of the simulated JFM mean values compared to observed 407	  

BCC over the 36 observation/model pairs. BCC is substantially lower in the modeled snowpack 408	  

than in the observations. This model low bias in BCC is substantially larger than in near-surface 409	  

atmospheric concentrations of BC (hereafter, referred to as BCS) discussed in the previous 410	  

section. In addition, the linear correlation coefficient (R) for the modeled versus observed BC 411	  

mixing ratios in snow is 0.2, significant only at the 70% level (p = 0.3, N = 36). The CAM5 BCC 412	  

has a LMNB (Eq. 1) of -0.2 which means that the model-predicted BCC concentrations are lower 413	  

than the observations by 37% (=1-10-0.2) on average. The LMNE (Eq. 2) in the CAM5 BCC is 414	  

0.3 which means that the model predictions are, on average, within a factor of 2 (=100.3) of the 415	  

observations, though as noted above the correlation between the two is poor. The observed and 416	  

modeled means (±standard deviation) for these 36 BCC values are 32.7±24.5 ng g-1 and 417	  

19.1±11.5 ng g-1, respectively. As was the case with model comparisons for BCS, BCC has a 418	  
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large coefficient of variation (i.e., the ratio of the standard deviation to the mean), reflecting the 420	  

strong spatial variation of BCC in this region (Fig. 3d).    421	  

Figure 3b compares the simulated and observed BCC as a function of latitude. The 422	  

modeled JFM zonal mean of BCC over the longitude range of 93.75−123.75° W (blue line in Fig. 423	  

3b) shows an increasing trend with latitude in the Northwest USA and a decreasing trend in West 424	  

Canada. This trend is also seen in the observations in West Canada, but there is no trend in BCC 425	  

with latitude in the Northwest USA. The model agrees well with the observations in Canada, but 426	  

has generally lower concentrations of BC in snow in the U.S. (Fig 3c).  The observed values of 427	  

BCC range between 8 and 110 ng g-1 in the Northwest USA with a mean of 44 ng g-1, and 7 to 39 428	  

ng g-1 in West Canada with a mean of 19 ng g-1. The correlation coefficient between the observed 429	  

and modeled BCC is low (R=0.1) for the Northwest USA with negligible statistical significance 430	  

(p = 0.6, N = 20). However, the correlation coefficient (R) is relatively high (0.7) for West 431	  

Canada, significant at >99% confidence level (p = 0.005, N = 16). 432	  

Turning next to the regionally stratified LMNB and LMNE values, for the Northwest 433	  

USA region, the LMNB and LMNE are -0.39 (59% low bias) and 0.47 (a factor of 3), 434	  

respectively, while for West Canada, LMNB and LMNE are -0.04 (9% low bias) and 0.17 (a 435	  

factor of 1.5), respectively. Hence, for West Canada the model bias is essentially the same for the 436	  

BCC as it is for the BCS (in Northwest USA) while the model error is actually appreciably less. 437	  

For the Northwest USA, on the other hand, the LMNE is substantially worse for BCC than it was 438	  

for BCS. Furthermore, most of this error is associated with a model low bias far larger that was 439	  

the case for BCS. Note that the measurements of BCS and BCC are from different locations and 440	  

are not necessarily representative of the whole model grid box, so the comparison of biases in 441	  

BCS and BCC is not ideal but is nonetheless informative.   442	  
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The smaller error (LMNE) in BCC for West Canada than for BCS in the Northwest USA 443	  

indicates the model might also be doing a better job of predicting BCS in West Canada than in 444	  

the Northwest USA, but it is not possible to know this since all the BCS observations we have 445	  

are from sites in the USA. For the Northwest USA sites the substantially larger low bias in BCC 446	  

versus in BCS is quite interesting. A commonly invoked explanation for a low bias in model 447	  

predictions of atmospheric BC has been flawed emissions inventories. For example, Mao et al. 448	  

(2011) indicated that there is a large uncertainty in the emissions of BC from biomass burning in 449	  

western North America. However, the larger low bias in BCC compared to BCS suggests that 450	  

deficiencies in emissions inventories are not likely the primary explanation for the model under-451	  

prediction of BCC in this instance, since a source-based bias should show up in both BCS and 452	  

BCC (similar source attribution of BCS and BC deposition shown in Fig. 4), assuming the model 453	  

representation of deposition/scavenging processes is not flawed. In fact, the small bias in model-454	  

predicted BCC in West Canada indicates that the model representation of BC deposition is less 455	  

likely to be the primary cause of the large low bias in BCC in Northwest USA.  456	  

In addition to emissions or model processes errors, another possibility for the difference 457	  

in modeled and observed BCC is a bias1 in the observational estimates. In a recent comparison, 458	  

Schwarz et al. (2012) found that estimates of the mixing ratio of BC in snow using the ISSW 459	  

(used in the Doherty et al., 2014 study to estimate BCC) were biased high by up to a factor of 460	  

three when BC is mixed with dust. While this artifact could possibly explain a portion of the 461	  

observed discrepancy between the model predictions and the observations, it is not fully 462	  

consistent with the contrast in model-observational comparisons between the Northwest USA 463	  

and West Canada regions. Although there is significantly less dust in the Canadian samples 464	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  For simplicity and consistency we use “model bias” below to describe the difference between model results and 
observations, although the measurements might have a significant bias or error. 
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(based on both ISSW analysis of BC/non-BC partitioning of absorption and the PMF analysis) 467	  

than for the Northwest USA, the amount of dust present at the West Canada sites is still 468	  

substantial: The PMF analysis suggests that ~17% of the light absorption is associated with dust 469	  

for the Canadian sites on average, and much more at some sites, whereas it’s ~36% at the U.S. 470	  

sites. Given this, we would expect to also find a model low bias in BCC for Canada on the order 471	  

of half that in the Northwest U.S., e.g. LMNB of about -0.2, rather than the actual near-zero bias 472	  

(LMNB=-0.04).  Hence, the relatively good model-observational agreement for the Canadian 473	  

sites makes it unlikely that measurement bias in BCC is the sole source of the discrepancy 474	  

between the CAM5 predications and the field observations.  475	  

Another possible cause of lower BCC in the model versus the observations is a missing 476	  

source of BC to snow in the model. The sources of BC in CAM5 are biofuel burning, biomass 477	  

burning and fossil fuel combustion.  In the model, emissions of BC from these sources are 478	  

incorporated in surface snow either in snowfall (wet deposition) or by settling directly to the 479	  

surface snow (dry deposition). In contrast to this, the PMF analysis suggests that a significant 480	  

source of BC in snow is soil. At first glance this seems counter-intuitive, since soil itself does not 481	  

produce BC. However, in mid-latitude regions the snow is often patchy, and intermixed with 482	  

large areas of exposed soil.  This soil can mix with the snow mechanically (e.g. by livestock; X. 483	  

Wang et al., 2013) or by winds, which loft the soil and deposit it to snow on scales of tens to 484	  

hundreds of meters (Doherty et al., 2014). These exposed soil areas are subject to BC deposition 485	  

throughout the year and likely accumulate a substantial reservoir of BC from a multitude of 486	  

sources (e.g., Schmidt and Noack, 2000; Hegarty et al., 2011). This deposited BC is then subject 487	  

to re-suspension via saltation and deposition on the surrounding snow, along with the soil. As 488	  

mentioned above, the contribution of the soil/dust source to light absorption by snow impurities 489	  
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for the Canadian sites is 17 ±5%. In contrast, for the U.S. sites it is 36 ±4%, consistent with the 495	  

thinner and more variable snow cover in the U.S. region (snow cover fraction derived from 496	  

satellite measurements shown in Fig. S5). While the magnitude of this source of BC to snow is 497	  

unknown, the PMF analysis suggests this mechanism for getting BC into snow is not 498	  

insignificant in some locations. Thus, soil as a source of BC to snow at the USA sites likely 499	  

explains a substantial portion of the low bias in modeled snow BC for sites in this region with 500	  

patchy snow cover, and is also likely the explanation for much of the low bias over the entire 501	  

data set. We turn next to an assessment of the source attribution of BC in CAM5, including a 502	  

comparison with the results of a PMF analysis of the North American observations of BC in 503	  

snow.  504	  

 505	  

3.3   Source attribution and emission source efficiency 506	  

3.3.1   Modeled source-receptor relationships using CAM5 507	  

The direct source tagging method in CAM5 provides a straightforward means of quantifying 508	  

source-receptor relationships for BC reaching the receptor regions in North America originating 509	  

from the various source regions and types. Figures 4a and 4b show relative contributions (as 510	  

defined in Sect. 2.3, Eq. 3) to the JFM mean BC atmospheric column burden, deposition flux, 511	  

and near-surface atmospheric concentrations for two receptor regions, the Northwest USA and 512	  

West Canada (as outlined by white boxes in Fig. 3d). The contributions are shown explicitly for 513	  

all major source regions and both source types (solid bar for BB and stippled bar for FF). The 514	  

contributions of BB and FF from minor source regions are lumped together (black bar in Figs. 4a 515	  

and b). Clearly, FF sources play a primary role in determining atmospheric concentrations and 516	  

deposition fluxes of BC. Contributions of BB and FF from the North American sources 517	  
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(hereafter, for brevity, we use USA to denote four source regions NWU, NEU, SWU and SEU; 526	  

see Figure 1a for region definitions) increase in importance moving from total column 527	  

atmospheric burden to deposition fluxes and then to near-surface atmospheric concentrations of 528	  

BC. North American sources, especially FF sources, are definitely the major sources of BC in the 529	  

near-surface atmosphere and of BC deposited to the surface – i.e. to snow – as they are within or 530	  

close to the receptor regions. Long-range transport of BC from distant sources in Asia and Africa 531	  

(e.g., EAS, SAS, SEA and AFME) to North America takes place mainly in the middle and upper 532	  

troposphere (shown in Fig. S8); BC in this part of the atmosphere is less prone to wet removal, 533	  

and thus contributes more to column burden than to near-surface BC or deposition. The spatial 534	  

distributions of JFM mean BC column burden and deposition along with BC transport pathways 535	  

from various distant and domestic source regions and sectors to North America are shown in Fig. 536	  

S6−S11. 537	  

Contributions to BC atmospheric column burden from all source regions are 38% BB and 538	  

62% FF for the Northwest USA receptor region, and 37% BB and 63% FF for the West Canada 539	  

receptor region. Contributions to BC column burden from the overseas combination of EAS 540	  

(East Asia), SAS (South Asia), SEA (Southeast Asia) and AFME (Africa and Middle East) to the 541	  

Northwest USA and West Canada receptor regions are 57% (32% BB and 25% FF) and 63% (32% 542	  

BB and 31% FF), respectively, among which BB from SAS and FF from EAS are the two main 543	  

overseas sources. Contributions to BC column burden in the receptor regions from the North 544	  

American source regions (USA and WCA) are 41% (5% BB and 36% FF) for the Northwest 545	  

USA and 34% (5% BB and 29% FF) for West Canada.  546	  

Relative to that for total column burden, the contribution from FF increases for deposition 547	  

and is even greater for near-surface atmospheric BC. Contributions from the combined source 548	  
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regions of USA and WCA to BC deposition over two receptor regions, Northwest USA and West 551	  

Canada, are 77% (10% BB and 67% FF) and 81% (11% BB and 70% FF), respectively. For 552	  

near-surface atmospheric BC, the total FF contributions from the USA and WCA (West Canada 553	  

and Alaska) increase to 82% (76% from USA) and 83% (75% from WCA) over Northwest USA 554	  

and West Canada, respectively. 555	  

Figures 4c and 4d show emission source efficiency (as defined in Sect. 2.3, Eq. 4) in 556	  

affecting the three JFM mean BC properties in both receptor regions. We use this efficiency 557	  

(assuming a global mean efficiency of 1) as an index to quantify the sensitivity of BC in a 558	  

receptor region to a fixed mass perturbation in emissions in different source regions and sectors. 559	  

It is not surprising that BC in a given receptor region is most sensitive to local emissions (i.e., 560	  

NWU for the Northwest USA receptor and WCA for the West Canada receptor). As was the case 561	  

for source attributions in Figure 4a and 4b, the emission source efficiency (Fig. 4c & 4d) of more 562	  

local sources is lowest for total atmospheric column burden, then increases for deposition and 563	  

near-surface atmospheric BC. The distant emission sources have quite low efficiencies, with 564	  

significant non-local contributions only for the total column burden. 565	  

Differences in the vertical distribution of contributions to atmospheric BC are shown in 566	  

more detail in Fig. 5a and 5b. Modeled vertical profiles of area-averaged BC mixing ratio and 567	  

liquid cloud fraction over both receptor regions are also shown, in Fig. 5c and 5d, to indicate the 568	  

altitude where wet scavenging of aerosols in clouds is most likely to occur. Clearly, the 569	  

contribution of local sources significantly decreases above 800 hPa, while distant sources 570	  

become progressively more important at higher altitudes (Fig. 5a & 5b). BC from distant sources 571	  

contribute less to wet scavenging of BC mass than they do to column burden in the two receptor 572	  

regions. Liquid clouds are at a maximum in the 600−800 hPa layer. Here, the BC profiles also 573	  
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show a minimum, possibly associated with cloud scavenging of BC in the model. This layer 574	  

(600−800 hPa) has an intermediate local source contribution between those in the higher layers 575	  

and the bottom layer (800−1000 hPa). Above 400 hPa, liquid clouds and thus wet removal are 576	  

minimal. Below 800 hPa, below-cloud scavenging by precipitation removes BC from the air and 577	  

in this altitude range BC sources are mostly local. This would increase the local source 578	  

contribution to the total deposition flux. 579	  

3.3.2   Comparison of source sector attribution between CAM5 and PMF 580	  

Using the procedures described in Sect. 2.4, our PMF source attribution results are compared 581	  

with the corresponding CAM5 source attributions (Table 1). Comparisons are done for each 582	  

model grid box where we have a model/observation comparison pair. We reiterate that for both 583	  

data sets BB includes emissions from both open biomass burning and biofuel burning. 584	  

As discussed in Sect. 2.4, the BB and FF fractions for the PMF analysis are not precisely 585	  

comparable to those from CAM5 since the PMF analysis has identified an additional BC source, 586	  

soil, which is not included in the CAM5 simulation. This is reflected in the fact that, while the 587	  

sum of CAM5 BB and FF contributions equals 1, the sum of BB and FF contributions from the 588	  

PMF analysis are commonly less than 1. Due to the lack of soil source in CAM5 and 589	  

uncertainties in both measurements and emissions (e.g., spatial distribution of sources and the 590	  

partitioning between BB and FF sectors), it is not surprising that there are quite large 591	  

discrepancies between the CAM5 and PMF values for some individual comparison pairs. When 592	  

compared to the PMF values (which included contributions from FF, BB and soil), CAM5 593	  

underestimates the BB contribution for 80% of the comparison pairs (modeled mean and 594	  

standard deviation of 18%±5% vs. PMF values of 28%±22%) and overestimates the FF 595	  

contribution for all comparison pairs (82%±5% vs. 47%±21%).  596	  
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For a better quantitative PMF/CAM5 comparison, relative contributions to BC were also 612	  

calculated for a PMF analysis allowing for BC only from direct combustion sources, i.e., the BB 613	  

and FF sources of BC considered in the CAM5 simulation. Average contributions of BC from 614	  

combustion sources only are compared for our two receptor regions in Figure 6. The two regions 615	  

differ little in the partitioning of the BC between BB and FF sources, but in both regions the 616	  

PMF indicates a larger role by BB than does the model. The PMF model attributes 32% of the 617	  

BC to BB for the Northwest USA region, while for West Canada the fraction is 28%. CAM5 618	  

attributes 16% of BC in the Northwest USA to BB and 15% to BB in West Canada. Averaging 619	  

over both regions, the PMF model attributes 30% of the BC to BB while CAM5 allocates 16% to 620	  

this source. Compared to the PMF results, CAM5 over-predicts the ratio of FF to BB for the 621	  

North American receptor region.  622	  

While certainly significant, the difference in source attribution between CAM5 and the 623	  

factor analysis is not surprising. The factors that possibly cause the substantial model low bias in 624	  

BCC could potentially generate biases in the source-type attribution. In addition, uncertainties in 625	  

BC emission data and model treatment of BC aging/deposition processes can also be a source of 626	  

bias in the attribution, including but not limited to 1) the partitioning of BC emissions into fossil 627	  

fuel and biofuel based on the ratio provided by Dentener et al. (2006); 2) initial injection heights 628	  

(up to 6 km) of biomass burning emissions that directly affect BC interaction with clouds and its 629	  

wet deposition in CAM5; 3) treatment of the mixing of hydrophobic BC particles with 630	  

hygroscopic components (e.g., sulfate and organics) that is important for BC aging and wet 631	  

removal but does not differentiate BB or FF origin in the model. These factors, among many 632	  

others, along with the possible measurement bias for samples with large soil dust concentrations, 633	  

HW� 8/11/2015 4:12 PM
Deleted: only634	  

HW� 8/11/2015 4:12 PM
Deleted: the 635	  
HW� 8/11/2015 4:12 PM
Deleted: for the636	  
HW� 8/11/2015 4:12 PM
Deleted:  the637	  



	  

24	  
	  

could explain the difference in source-type attribution between CAM5 and the PMF analysis. 638	  

The data we have are not sufficient to distinguish between these possible sources of bias. 639	  

3.4   Radiative forcing 640	  

Figure 7 shows the CAM5 modeled JFM mean atmospheric BC all-sky shortwave direct 641	  

radiative forcing (DRF) at the surface (dimming effect), at the top of the atmosphere (TOA) and 642	  

in the atmosphere (heating effect), and it also shows the radiative forcing due to BC and mineral 643	  

dust in snow (darkening effect), as a function of latitude (zonally averaged over the longitude 644	  

band 93.75−123.75° W). The forcing due to BC is separated out from other aerosol components 645	  

using the radiation diagnostic calculations recently implemented in CAM5 by Ghan et al. (2012), 646	  

while the BC- and dust-in-snow forcing are calculated in the SNICAR (SNow, ICe, and Aerosol 647	  

Radiative) model (Flanner et al., 2007), which is coupled to CAM5. The CAM5/SNICAR 648	  

models do include the light-absorbing effect of mineral dust particles (in addition to BC). Note 649	  

that the surface radiative forcing due to BC and dust in snow shown here is the total-area mean 650	  

forcing (i.e., zero values enter the calculation for snow-free grids during the model integration), 651	  

so this represents the true climate forcing (Flanner et al., 2007).   652	  

 The DRF by BC in the atmosphere (in-atmosphere heating) decreases with latitude, as 653	  

does DRF at the surface (cooling). The DRF of BC at the TOA maximizes around 50° N, where 654	  

BC- and dust-in-snow radiative forcings also reach their maxima. To explain these variations 655	  

with latitude, we plot the zonal mean of JFM mean BC total column burden in Figure 7, and we 656	  

also plot BC and dust deposition scaled by the snow cover fraction (SCF) to weigh the 657	  

contribution by each grid box to the area mean forcing by BC and dust in snow.  The model 658	  

estimate of surface SCF was first assessed and found to be in reasonable agreement with the 659	  

satellite retrievals (shown in Fig. S5). Clearly, the total column burden shows the same trend as 660	  
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the DRF in the atmosphere, and the BC- and dust-in-snow radiative forcing follow the respective 661	  

latitudinal variations of deposition flux. This suggests that the source attribution for BC DRF in 662	  

the atmosphere and forcing by BC in snow could be by approximated using the source-receptor 663	  

relationships for BC total column burden (Fig. 4) and BC deposition (Table S4), respectively, if 664	  

one assumes a linear relationship between radiative forcing and BC concentrations. Note that we 665	  

did not use such an assumption in the radiative forcing calculation.  666	  

 The color-coded numbers in Fig. 7 correspond to the various JFM mean radiative 667	  

forcings averaged over the entire receptor regions, Northwest USA and West Canada. The BC 668	  

darkening effect on snow is significant and comparable to its DRF in the atmosphere, especially 669	  

in West Canada where snow covers almost the entire area (Fig. S5). It’s interesting to note that 670	  

the BC darkening effect outweighs the BC dimming effect (i.e., cooling at the surface) and 671	  

warming effect on the Earth-atmosphere system (i.e., DRF at the TOA) over both of the two 672	  

regions. The modeled surface radiative forcing due to dust in snow is very small in these regions. 673	  

However, Doherty et al. (2014) found that local soil dust, which is not considered in the CAM5 674	  

simulation, is a significant contributor to light absorption in snow over the U.S. Northern Plains, 675	  

as well as at some sites in Canada. Intra-regionally transported desert dust has also been shown 676	  

to have a significant impact on snow in the San Juan Mountains of Colorado (e.g., Painter et al., 677	  

2010, 2012) and in northwest China (X. Wang et al., 2013; Zhang et al., 2013). This suggests 678	  

that CAM5 and other climate models that ignore the surface radiative forcing induced by soil 679	  

and/or desert dust in snow may significantly underestimate the impact of light-absorbing 680	  

impurities on snowmelt and climate.        681	  

  682	  

4   Summary and conclusions 683	  
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In this study, the CAM5 global model, implemented with an explicit BC source tagging 687	  

technique, has been employed to establish source-receptor relationships for atmospheric BC and 688	  

its deposition to snow over a large receptor area encompassing a substantial portion of the Great 689	  

Plains of North America. The model meteorological fields are constrained to agree with the 690	  

MERRA reanalysis data sets for year 2013. Model-predicted near-surface atmospheric BC 691	  

concentrations and BC-in-snow concentrations in January, February and March (JFM) were 692	  

evaluated against atmospheric observations from the IMPROVE network and field 693	  

measurements from a recent large-area survey of BC (and other light-absorbing particles) in 694	  

snow over land (Doherty et al., 2014), respectively. We found that CAM5 had a small low bias 695	  

(11%) but a substantial random error (about a factor of 2) in the estimates of monthly mean near-696	  

surface atmospheric BC concentrations. However, the model had a substantial error (a factor of 2) 697	  

and a larger negative bias (37%) in the prediction of BC-in-snow concentrations at all the snow 698	  

sampling sites. Analysis of the geographic variation in the bias and error in modeled BC in snow 699	  

versus that observed, along with the comparison of the atmospheric near-surface BC, suggests 700	  

that the negative model bias is more likely due to the lack of a soil source for BC in patchy snow 701	  

rather than an underestimate of direct combustion emissions in the model simulation. Patchy 702	  

snow at the U.S. sites is prone to contamination of soil dust originating from the exposed soil 703	  

areas. The soil dust may contain BC deposited from the atmosphere, which was not included in 704	  

the emission inventory for the CAM5 simulation. It is also possible that some of the difference 705	  

between model and observation is due to a high bias in the measurements when BC is mixed 706	  

with significant amounts of light-absorbing soil dust. 707	  

The explicit direct source tagging technique in CAM5 permits a quantitative attribution 708	  

of BC in receptor regions (Northwest USA and West Canada) to source regions (North American 709	  
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or more distant emissions) and source types (fossil fuel, FF, versus biomass/biofuel, BB). In the 710	  

model, local sources generally contribute more to near-surface BC and deposition than distant 711	  

sources. However, distant sources contribute significantly to the column BC burden, especially 712	  

to BC in the middle and upper troposphere. At these altitudes wet removal is relatively weak, so 713	  

little of this BC likely reaches the surface snowpack. In the model, FF is the dominant source 714	  

type for total column BC over the two receptor regions. FF is also the dominant local source type 715	  

for BC column burden, deposition, and near-surface BC. However, for all distant source regions 716	  

combined the contribution of BB is larger than FF.  717	  

An observationally-based PMF analysis of the sources of BC to snow, based on snow 718	  

chemistry, is compared to the CAM5 source attribution based on source tagging. While the 719	  

CAM5 source attribution was biased high for the FF sector and low for the BB sector compared 720	  

to PMF, they both show that the contribution of the FF sector is much larger than that of the BB 721	  

sector. For the two receptor regions examined in this study (Northwest US and Northwest 722	  

Canada), the relative contribution of the BB sector was underestimated by about a factor of two 723	  

in CAM5 relative to that given by the PMF analysis. The quantitative difference in the source-724	  

type attribution between CAM5 and PMF analysis could be due to an underestimation of North 725	  

American BB emissions, the lack of a soil source of BC with a high BB/FF ratio in the model, 726	  

model treatment of aerosol aging/deposition processes such that the wet removal rate of BC from 727	  

the BB sector is overestimated, and/or biases in the measurements.  728	  

Based on the CAM5 predictions of BC concentrations in both the air and snow, and of 729	  

dust in snow, radiative forcing calculations were carried out for our two North American 730	  

receptor regions (Figure 3d). The darkening effect of BC in surface snow (i.e., snow albedo 731	  

reduction due to the presence of BC) is substantially larger than the BC dimming effect (i.e., 732	  
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reduction in surface radiative flux due to BC in the atmosphere) but is comparable to BC heating 734	  

in the atmosphere. The modeled surface radiative forcing due to dust in snow is small in the two 735	  

regions. However, Doherty et al. (2014) found that local soil, which is not considered in the 736	  

CAM5 simulation, is a significant contributor to light absorption in snow, suggesting that CAM5 737	  

and other climate models that ignore the local soil contributions to snow may significantly 738	  

underestimate the impact of light-absorbing impurities on snowmelt and climate. 739	  

Appendix:  740	  

The average fractional contributions by the BB and FF sources from the PMF analysis for 741	  

each of the snow samples sites (k) falling within a given model grid box are calculated using Eq. 742	  

(A1). 743	  
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where 𝑓!!! + 𝑓!!! + 𝑓!"#$! = 1.    𝐶!"#!  is the estimated snow BC concentrations used in the PMF 745	  

analysis for the snow sampling site k (Table S2). S is the total number of sampling sites within 746	  

the same model grid box.  747	  

The CAM5 JFM mean fractional contributions for the BB and FF sectors in each model 748	  

grid box, where observational/PMF data are available, are calculated using Eq. (A2).  749	  
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                   (A2) 750	  

where 𝐶!"#
!   are the modeled snow BC concentrations in month j for the model grid box i. 751	  

𝐷!!
!   and 𝐷!!

!  are fractional contributions of BB and FF deposition, respectively, to total BC 752	  

deposition in month j, and 𝐷!!
! + 𝐷!!

! = 1. M is 3 (total number of months). 753	  
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The regional average of fractional contributions from the BB and FF sectors from the 754	  

PMF analysis and from the CAM5 simulation is calculated using Eqs. (A3) and (A4), 755	  

respectively. 756	  
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where N is the total number of observation/model comparison pairs (n) in a given region. 760	  
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Table 1. BB and FF fractional contributions based on the PMF and CAM5 source attribution 

results for BC in snow for each model/observation comparison pair (i). 𝐶!"#!  is the mean of the 
estimated BC concentrations used in the PMF analysis when more than one sampling sites reside 

in the same model grid box. 𝐶!"#!  is the JFM mean of CAM5 modeled BC concentrations in 
snow column. The contributions are calculated as given in Eqs. (A1) (observations) and (A2) 
(model).  

Comparison pair 
i 

𝑪𝒐𝒃𝒔𝒊   
(ng g-1) 

𝑩𝑩𝒐𝒃𝒔𝒊  
(%) 

𝑭𝑭𝒐𝒃𝒔𝒊  
(%) 

𝑪𝒎𝒐𝒅𝒊   
(ng g-1) 

𝑩𝑩𝒎𝒐𝒅𝒊  
(%) 

𝑭𝑭𝒎𝒐𝒅𝒊  
(%) 

1 15.5 62 38 0.8 21 79 
2 5.8 100 0 9.5 28 72 
3 13.3 51 49 14.7 28 72 
4 14.2 70 26 9.8 25 75 
5 13.7 47 21 15.3 26 74 
6 29.3 27 47 14.3 26 74 
7 24.2 27 71 14.2 25 75 
8 22.0 20 51 12.6 23 77 
9 90.1 0 0 5.4 19 81 
10 28.4 16 42 11.3 26 74 
11 50.6 7 11 10.1 16 84 
12 40.7 11 26 37.1 11 89 
13 17.9 34 44 24.0 12 88 
14 49.5 23 53 52.5 13 87 
15 5.9 46 52 51.8 12 88 
16 25.8 16 31 46.6 11 89 
17 110.6 3 31 30.5 14 86 
18 61.4 8 61 23.3 14 86 
19 24.8 13 76 27.6 11 89 
20 26.9 17 33 39.9 12 88 
21 22.2 26 56 44.5 15 85 
22 17.8 31 61 18.2 15 85 
23 27.5 23 28 12.6 15 85 
24 15.8 22 63 7.2 19 81 
25 14.4 32 68 5.6 19 81 
26 26.0 0 77 12.6 15 85 
27 15.1 15 48 16.0 15 85 
28 18.4 16 69 22.0 13 87 
29 8.4 66 34 29.2 15 85 
30 17.0 18 75 24.8 15 85 
31 8.4 45 55 9.1 18 82 
32 14.7 30 68 20.2 15 85 
33 21.5 24 61 27.3 16 84 
34 17.5 18 61 29.8 17 83 
35 25.0 22 66 38.9 16 84 
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Fig. 1. (a) Tagged source regions and (b) the contributions (%) to the global mean BC emissions 
(7.69 Tg yr-1) for January, February and March from the individual source regions (marked on 
the horizontal axis) and sectors (FF in blue, biomass-BB in solid red, and biofuel-BB in dotted 
red). 
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Fig. 2. (a) Scatter plot of CAM5 simulated versus observed JFM mean near-surface atmospheric 
BC concentrations (ng m-3) in 2013 at the IMPROVE network sites.  The observations are 
averages across sites falling into the same model grid box. The correlation coefficient (R), the 
statistical significance of R (p), the log-mean normalized bias (LMNB), and the log-mean 
normalized error (LMNE) are shown in numbers in the top-left corner; the 1:1 (thick solid), 2:1 
(thin solid) and 10:1 (dashed) lines are also plotted for reference. (b) Box and whisker plot of 
observed (red color) and simulated (blue color) JFM mean of near-surface BC concentrations (ng 
m-3) for all comparison pairs.  The 25th, 50th, and 75th percentiles are marked with a box, the 
mean value with a dot, and the minimum and maximum values with whiskers; the colored 
numbers give the mean and standard deviation for the observed (red) and modeled values (blue). 
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Fig. 3. (a) Scatter plot of simulated versus observed BC concentrations (ng g-1) in the snow 
column (BCC).  As in Figure 2, R, p, LMNB, and LMNE are shown in numbers on the top-left 
corner; the color numbers show the mean and standard deviation for observations (red) and 
modeled values (blue). (b) Observed (red circle) and simulated (blue asterisk) BCC versus 
latitude for the 36 comparison pairs in Northwest USA and West Canada. The modeled values 
are the JFM mean. The blue line indicates the modeled JFM zonal-mean values over the 
longitude band 93.75−123.75° W (white outlines in panel d) for BCC. (c) Box and whisker plot 
of observed (red color) and simulated (blue color) BCC in the two regions. The 25th, 50th, and 
75th percentiles are marked with a box, the mean value with a dot, and the minimum and 
maximum values with whiskers; the number of samples (N), R, and p for each region are shown 
at the bottom. (d) Spatial distributions of modeled JFM mean BCC with the observed BCC (color 
circles with black outlines) superimposed. In d) the observed values are averages across the 
sampling sites of Doherty et al. (2014), when more than one sampling site fell within a model 
grid box. The white boxes in d) outline the two receptor regions, Northwest USA (39.8−49.3° N, 
93.75−123.75° W) and West Canada (49.3−58.8° N, 93.75−123.75° W).   
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Fig. 4. Fractional contributions to JFM mean BC total column burden, deposition and near-
surface concentrations over (a) Northwest USA and (b) West Canada (as defined in Fig. 3d), 
from six major tagged source regions (colors) and sectors (solid color and stippled bar for BB 
and FF, respectively); the black bar in each column represents the combined contribution from 
all of the other tagged source regions and sectors. Panels (c) and (d) show efficiency of FF (top) 
and BB (bottom) emissions from six major tagged source regions (marked on the y-axis) in 
changing JFM mean BC total column burden, deposition and near-surface concentrations over 
Northwest USA (c) and West Canada (d). 
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Fig. 5. Panels (a) and (b) are similar to Fig. 4a and b, respectively, but for fractional 
contributions to BC column burden in five separate vertical layers: 0−200, 200−400, 400−600, 
600−800 and 800−1000 hPa. Panels (c) and (d) show the vertical profiles of area-averaged BC 
mixing ratio (in black) and liquid cloud fraction (in blue) over Northwest USA and West Canada, 
respectively. All fields are from the CAM5 model run. 
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Fig. 6. Regional average contributions from BB (red color) and FF (blue color) sector to 
combustion-sourced BC in snow in Northwest USA and West Canada based on the PMF analysis 
(solid bar) and CAM5 simulation (stippled bar). The contributions are calculated as in Eqs. (A3) 
(observed values) and (A4) (modeled values). HW� 8/11/2015 4:19 PM

Deleted: 7

HW� 8/11/2015 4:19 PM
Deleted: 8



	  

43	  
	  

 

 

Fig. 7. Modeled JFM and zonal mean radiative forcing (RF) values (in W m-2, using y-axis on 
the left) induced by the various BC effects and the dust-in-snow effect (indicated by the different 
colors and symbols in the legend) over the longitude band 93.75−123.75° W (white outlines in 
Fig. 3d). The corresponding area-average RF values are shown in colored numbers for Northwest 
USA and West Canada, respectively. Modeled JFM and zonal mean values of BC total column 
burden (in µg m-2), BC deposition (in µg m-2 day-1) and dust deposition (in 10 mg m-2 day-1) 
multiplied by SCF (snow cover fraction) are shown in colored dashed lines (using y-axis on the 
right).    
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where 𝑓!!! + 𝑓!!! + 𝑓!"#$! = 1.    𝐶!"#!  is the estimated snow BC concentrations used in the 

PMF analysis for the snow sampling site k (Table  
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S1). S is the total number of sampling sites within the same model grid box. 
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We calculate the average observed snow BC concentrations for all sites within a given 

model grid box i, and refer to this as  𝐶!"#! . 

In Eq. (6), we calculate the 
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the modeled snow BC concentrations in month j for the model grid box i. 𝐷!!
!   and 𝐷!!

!  

are fractional  
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of BB and FF deposition, respectively, to total BC deposition in month j, and 𝐷!!
! +

𝐷!!
! = 1. M is 3 (total number of months). Note that 𝐵𝐵!"#! + 𝐹𝐹!"#! = 1. Similarly, we 

calculate the JFM mean of the modeled BC concentrations in each model grid box i, 

referring to these as    𝐶!"#!  . 
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   (8) 

where N is the total number of observation/model comparison pairs (n) in a given region. 

Notice that in the denominators of Eq. (7) only the 𝐵𝐵!"#!  and 𝐹𝐹!"#!  are included. 
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