
General comments 

Author Response: We appreciate the careful review and constructive suggestions. Our point-by-point 

responses to the reviewer’s general and specific comments are presented below. The changes to the initial 

manuscript text and supplement illustrations are marked in red. 

This paper uses fast roadside measurements of a range of gaseous and particulate emissions for heavy-

duty vehicles in Sweden. A relatively large sample size of measurements is used to infer the emission 

characteristics of different vehicle types-mostly by Euro status. The paper provides an up to date 

understanding of the evolution of emissions of important species that include non-regulatory species. The 

paper is generally well-written but perhaps lacks a clear explanation of what the new findings are 

and how they differ from previous work. Indeed, the size of Table 1 and 2 indicate that a considerable 

amount of work has been carried out before in this area. Nevertheless, emissions from road vehicles 

continually evolve and on balance I think this study does contribute some useful, up to date emissions from 

an important class of vehicles. 

1. Line 254 where it is stated non-Swedish trucks tend to have higher emissions. I think this statement needs 

to be more robust. As the authors point out, there is no Euro class information for non-Swedish trucks (and 

therefore no knowledge of the numbers in each Euro class). Given the large range of emissions by Euro 

status, I don’t think this statement is particularly defensible. Furthermore, all the data shown in Table 1/2 

I think have overlapping 95% CI when making this comparison. Also, the statement "which may be 

attributed to the more stringent domestic goals regarding pollution, clean air, greenhouse gas emissions, 

energy efficiency, and innovative sustainable solutions..." is vague. Is it the case that Swedish annual 

technical inspections are more stringent than other countries? I doubt there is evidence for that. 

Author Response: We agree that the lack of Euro type information of non-Swedish HDTs indeed makes 

the direct comparison between the emission factors of Swedish HDTs and non-Swedish HDTs of different 

Euro types difficult. Based on the reviewer’s comments, we considered the Swedish and non-Swedish 

HDTs as two major categories to compare if there are significant differences between their emission factors. 

We believe such comparison is useful for readers given that the non-Swedish HDTs contribute to 32% of 

the vehicles we studied. Since the emission data are not normally distributed, statistical significance 

between EF distribution of total Swedish and non-Swedish HDTs is assessed with the Kolmogorov-

Smirnov test. Table R1 compares the average and median emission data and lists the p-values from the 

Kolmogorov-Smirnov test. The p-values are calculated at the statistical 95% confidence level. Overall, 

compared with non-Swedish HDTs, Swedish HDTs generally have a lower median and average EFNOx but 

there are no significant differences in the EF of other pollutants. 

Author action: Accordingly, we revised line 328 to 332 in the revised manuscript from “Compared with 

non-Swedish HDTs, Swedish HDTs generally have lower EFs in terms of all the pollutants (Fig. 2 and 

Tables 1 and 2), which may be attributed to the more stringent domestic goals regarding pollution, clean 

air, greenhouse gas emissions, energy efficiency, and innovative sustainable solutions (Government Offices 

of Sweden, 2017). One may note that the non-Swedish HDTs was not identified according to Euro class 

and could contain a larger share of non-Euro VI trucks.” to: 

“Compared with the fleet of non-Swedish HDTs, the Swedish HDT fleet generally have a lower median 

and average EFNOx but there are no significant differences in the EF of other pollutants (Fig. 2 and Tables 

1 and 2). The differences in EFNOx are significant at the statistical 95% CI using the Kolmogorov-Smirnov 

test, used in favour to typical student t-test to account for non-normality of the EF distributions. As 

information of Euro class, engine types and treatment technologies of non-Swedish HDTs is not available, 

we cannot further explore why there is a difference between the two fleets.” 
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Table R1. Comparison of the average and median emission data for PM, PN, BC, NOx, CO and HC from 

the Swedish and non-Swedish HDTs and p-values from Kolmogorov-Smirnov test. 

Pollutant 
Average EF Median EF 

p 
Swedish Non-Swedish Swedish Non-Swedish 

PM 95.9 mg (kg fuel) -1 117.3 mg (kg fuel) -1 8.1 mg (kg fuel)-1 16.4 mg (kg fuel) -1 0.17 

PN 9.6×1014 # (kg fuel)-1 11.1×1014 # (kg fuel)-1 1.7×1014 # (kg fuel)-1 1.7×1014 # (kg fuel)-1 0.95 

BC 110.9 mg (kg fuel) -1 150.0 mg (kg fuel) -1 2.4 mg (kg fuel) -1 3.2 mg (kg fuel) -1 0.25 

NOx 10.7 g (kg fuel) -1 13.0 g (kg fuel) -1 2.7 g (kg fuel) -1 6.3 g g (kg fuel) -1 0.01 

CO 18.6 g (kg fuel) -1 19.1 g (kg fuel) -1 14.5 g (kg fuel) -1 13.4 g (kg fuel) -1 0.98 

HC 0.9 g (kg fuel) -1 0.9 g (kg fuel) -1 0 g (kg fuel) -1 0 g (kg fuel) -1 0.57 

 

2. How sure can the authors be that certain Euro classes of vehicles have certain technologies fitted? For 

example, is it known that any of the tested vehicles were retrofitted in some way? 

Author Response: We do not have specific information on after-treatment systems for each HDT in this 

study. We referred to the International Council for Clean Transportation (ICCT) which reported that 

Particulate Filters (DPFs) are required to comply with PM and PN for Euro VI HDTs (Williams and 

Minjares, 2016). No information about potential retrofits of tested HDTs was available for the vehicles 

measured in this study.   

 

3. Where comments are made about decreases (or changes in general) I think it is important to provide 

the corresponding uncertainty. It seems that in many cases that there will be overlapping confidence 

intervals and therefore important to convey where differences are statistically clear or not. 

Author Response: Thanks for your suggestions. We have conducted the Jonckheere-Terpstra test to 

determine if there is a statistically significant trend of pollutant emission factors based on the different Euro 

classes. 

The null hypothesis for the Jonckheere-Terpstra test is that the distribution of pollutant emission factors is 

the same across the categories of Euro classes and the alternative hypothesis is that pollutant median EF 

decreases with more stringent Euro standards. The p-values were calculated at the statistical 95% 

confidence interval. The Jonckheere-Terpstra test for ordered alternatives shows that there were statistically 

significant trends of lower median EFPM, EFPN, EFBC, EFNOx, and EFCO with more stringent Euro standards 

from Euro III to Euro VI HDTs. However, no significant decreasing trend was evident for EFHC from Euro 

III to Euro VI HDTs. These test results are consistent with the statements we made in the main text.  

Author action: We have added the following additions to the previous sentences.  

Line 195-197: Added two sentences, this section now reads “Generally, both PM and PN emissions 

decreased with more stringent Euro emission standards, and especially for Euro VI where larger changes 

in emission characteristics were evident. These decreasing trends are statistically significant at the 95% CI 

using the Jonckheere-Terpstra test, a nonparametric test for trends in ordered groups. In addition to PM and 

PN, the emission trends of BC, NOx, CO and HC with respect to the level of stringency of Euro standards 

were statistically examined.” 

Line 247-249. The sentence has been revised from “The BC emissions generally showed an overall decrease 

when moving towards newer Euro classes, which is similar to the EFPM trend with the exception of Euro 
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IV HDTs.” to “The BC emissions generally showed a decrease from Euro III to Euro VI HDTs (Jonckheere-

Terpstra test, p<0.01), which is similar to the EFPM trend with the exception of Euro IV HDTs.” 

Line 287-288: The sentence has been revised from “Generally, both EFPM and EFPN exhibited a decreasing 

trend from Euro III to Euro IV and from Euro V to EEV HDTs.” to “Generally, both EFPM and EFPN 

exhibited a decreasing trend from Euro III to Euro IV and from Euro V to EEV HDTs (Jonckheere-Terpstra 

test, p<0.01).” 

Line 322-324: The sentence has been revised from “HC emission was relatively low for all HDT types, but 

no obvious decreasing trend was evident for EFHC from Euro III to Euro VI HDTs (Fig. S8d and Table 2).” 

to “HC emission was relatively low for all HDT types, and no obvious decreasing trend was evident for 

EFHC from Euro III to Euro VI HDTs (Jonckheere-Terpstra test, p=0.895) (Fig. S8d and Table 2).” 

Line 427-430: The sentences have been revised from “Particle emissions of PM, BC and to a lesser extent 

PN exhibited substantial reductions from Euro III to Euro VI HDTs. The gaseous emissions of NOx and 

CO also showed significant decrease with respect to Euro class, while the HC emission was relatively low 

for all the HDT Euro class types.” to “Particle emissions of PM, BC and to a lesser extent PN exhibited 

substantial reductions from Euro III to Euro VI HDTs (Jonckheere-Terpstra test, p<0.01). The gaseous 

emissions of NOx and CO also showed a significant decrease with respect to Euro class (Jonckheere-

Terpstra test, p<0.01), while the HC emission was relatively low for all the HDT Euro class types.” 

 

4. How was the sigma of the background component of CO2 calculated? This was not based on upwind 

measurements, right? Presumably the variation in background cannot be represented by a single value and 

it varies also. Some more details are needed. It would be helpful to have a Figure that shows a ’typical’ 

peak being analysed showing the concentration of CO2 and all other species. This would also help 

demonstrate that a measurement frequency of ∼1 Hz is sufficient to capture an individual vehicle plume. 

Moreover, a discussion on the effect of sampling rate (and potentially different sampling rates) on the 

extracted plume characteristics / metrics would be beneficial. 

Author Response and action: Please see Fig.1 in the main text where some examples of typical temporal 

profiles of CO2 and pollutant concentrations in the plumes are given. The CO2 concentration was measured 

by a non-dispersive infrared gas analyser operated at 1Hz. CO2 concentration for each plume was integrated 

and subtracted by the background CO2 concentration to obtain the peak areas of CO2, which were used to 

represent different degrees of dilution during sampling. The background CO2 concentration [𝐶𝑂2]𝑡1
 of each 

individual CO2 peak was calculated by averaging five concentration data points just before the peak start 

point 𝑡1 . Plume pollutant concentrations were integrated and normalized by the peak area of CO2 

concentration to calculate corresponding pollutant emission factors of individual HDTs to compensate for 

different dilution levels, as expressed in Eq. (1):                                                        

                                           𝐸𝐹𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 =
∫ ([𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡]𝑡−[𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡]𝑡1)𝑑𝑡

𝑡2
𝑡1

∫ ([𝐶𝑂2]𝑡−[𝐶𝑂2]𝑡1)𝑑𝑡
𝑡2

𝑡1

× 𝐸𝐹𝐶𝑂2
 .                                                  (1) 

In this study, all instruments operated at a time resolution of 1s (1Hz) or faster, which is sufficiently fast to 

measure pollutant concentration peaks (typically 5 to 20 s in duration) as shown in Fig. 1c-e. Thus, we do 

not think it would be needed to discuss this further. However, we added this statement to line 148-150, from 

“All the instruments were operated at least at 1Hz of sampling frequency to capture rapidly changing 

concentrations during the passage of a HDT.” to “All the instruments were at least operated at 1Hz of 

sampling frequency to capture rapidly changing concentrations during the passage of a HDT, which is 



sufficiently fast to measure pollutant concentration peaks (typically 5 to 20 s in duration) as shown in Fig. 

1c-e.” 

We have compared the peak shapes under the different sampling frequency conditions by averaging 1Hz 

data to 2s, 3s, 4s, 5s intervals respectively. Low sampling frequencies may produce distortions to the 

concentration peaks (Fig. R1). For a narrow peak such as CO2, lower sampling frequencies can cause 

difficulties in identifying the peak position and shape. These may result in calculation errors in integrated 

peak areas.  

 

Figure 1. (a) Sampling site at the roadside in Gothenburg, Sweden, (b) schematic of the experimental set-

up. HDT (Heavy-duty truck), RSD (Remote Sensing Device), CPC (Condensation Particle Counter), EEPS 

(Engine Exhaust Particle Sizer Spectrometer), TD (Thermodenuder) and HR-ToF-CIMS* (High-

Resolution Time-of-Flight Chemical Ionization Mass Spectrometer) and examples of signals from three 

passing HDTs. Concentrations of CO2, PN, non-volatile PN, PM, non-volatile PM, and NOx from (c) a 

typical Euro III HDTs and (d) a typical Euro VI HDTs and (e) a Euro VI HDTs with low PN emission. 

*The data from the HR-ToF-CIMS will be presented elsewhere. 



 

Figure R1. Concentrations of CO2 and NOx from a HDT measured under different sampling frequencies 

 

5. Do the authors have any information about the engine type or manufacturer to understand whether that 

is an important factor that could explain some of the differences observed? Earlier on in the text it is stated 

that these types of factor can be important in determining emissions, so it would be useful to explain this. 

Similarly, is there any difference in the size of vehicle sampled (e.g. by engine size or kerb weight)? 

Author Response: We have also investigated pollutant emission trends with respect to different 

manufacturers. Pollutant emission factors of HDTs under the same Euro class but from different 

manufacturers are compared in Fig. S9. The red solid lines in Fig. S9 represent the median EFs for the 

different engine manufacturers.  

Author action: A discussion section on the influence of individual vehicle manufacturers has been added 

to Sect. 3.3 in the main text and Fig. S9 has been added to the supplemental materials. The following has 

been added, starting on line 333: 

“In addition to engine Euro type, pollutant emission trends were also investigated with respect to five 

different vehicle manufacturers (M1, M2, M3, M4, and M5). EFPM, EFPN, EFBC and EFNOx of HDTs under 

the same Euro class but from different manufacturers are compared in Fig. S9. Since EF data was not 

normally distributed, statistical significance is assessed with a Kruskal–Wallis test. It is a non-paramedic 

analogue of the one-way ANOVA test. The p-values are calculated at the statistical 95% confidence level. 

No significant group difference (p>0.05) was observed in EFPM, EFPN, EFBC, and EFNOx for Euro V HDTs, 

i.e., HDTs from five different manufacturers show comparable emission characteristics. EFPM, EFPN, and 

EFNOx of Euro VI HDTs show no dependency on manufacturers, but a significant difference was observed 

between M2 and M5 in EFBC of Euro VI HDTs (p=0.016). (No analysis on Euro III, Euro IV, and EEV 

HDTs was conducted due to the limited vehicle number from each manufacturer).”  

In this study, engine size and kerb weight information were not available. However, the related information 

that whether the HDT is equipped with a container or not can be accessed by the captured photo, but the 

loading information of the container (full or empty) is not known. We conducted a Kolmogorov-Smirnov 
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(at 0.05 significance level) test to compare the cumulative distribution of the pollutant emission factors of 

HDTs with and without containers. No significant difference between EFPM, EFPN, EFBC and EFNOx of HDTs 

with and without a container (p>0.05) was observed.  

 

Fig. S9. (a) EFPM, (b) EFPN, (c) EFBC and (d) EFNOx for Euro V HDTs and (e) EFPM, (f) EFPN, (g) EFBC and 

(h) EFNOx for Euro VI HDTs with respect to manufacturers: M1, M2, M3, M4 and M5. For an individual 

HDT with multiple passages, an average has been calculated and the error given is the standard deviation 

(1σ). The red solid lines represent the median EFs for the different engine manufacturers. Kruskal–Wallis 

test shows no significant manufacturer difference in EFPM, EFPN, EFBC and EFNOx for Euro V HDTs, whereas 

a significant difference was observed between M2 and M5 in EFBC of Euro VI HDTs (p=0.016). 

 

6. Section 4 (Atmospheric implications and conclusions) does not actually consider the atmospheric 

implications. I think it should – and if it did – it would strengthen the paper. For example, it would be useful 
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to consider the implications for near-road exposures and consider how UFP could evolve through 

coagulation etc. as plumes disperse away from roads. Reducing PM mass is clearly important but if the 

consequence in doing so increase PN, then that could be important. 

Author response and action: Thanks for the review’s constructive suggestion, which can help us improve 

the value of our study. We have added the related discussions about implications in Sect.4.  

         “Reducing particle mass by DPF is clearly important but the consequence in doing so removes particle 

surface area available for condensation and may therefore favour nucleation mode particle formation if not 

the precursors of these are also reduced. Furthermore, due to the absence of larger particles, the coagulation 

rate is decreased and produced nucleation mode particle can retain for a longer time in the atmosphere, 

which has a direct influence on the evaluation of near-road human exposure.”  
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