
Reviewer 1 

This manuscript looks at differences in aerosol data from the IMPROVE network on clear and 
cloudy days. The difference is important because satellite optical depth measurements only 
work on clear days and could therefore be biased if aerosol concentrations are systematically 
different on cloudy days. Since satellites measure aerosol at ambient RH, such a bias could arise 
both from differences in the amount of dry aerosol and in its water uptake. 
 
The concept of this manuscript is an excellent one – a simple study that fills a gap in the 
literature and has relevance to satellite measurements. It absolutely should be published in 
some form. The manuscript, however, could be much, much better if the logical flow were 
better and the figures were better organized. 

We thank the Reviewer for their comments. We respond to specific comments below and 

indicate changed text in red. 

 

Lines 118-119. I disagree with not including the water uptake by organic aerosol. Yes, it is not 
known as well as for sulfate and nitrate. But ignoring it will give a worse answer than putting in 
a reasonable value. It is known that the kappa for organics in relevant rural aerosol is often 
something like 0.2 or 0.3 (as just one example reference Chang et al., 10.5194/acp-10-5047- 
2010). I looked up the Jathar and Metzger references and they do not say that the OC water 
uptake is not known well enough to put in a best estimate. 

The Reviewer is correct that the Jathar reference does not say that organic water uptake is too 

uncertain to estimate. The Reviewer is also correct that organic species can dramatically 

modulate particle hygroscopicity. A sensitivity investigating organic ALW concentrations 

performed by Nguyen et al. (2015) specifically for IMPROVE sites shows that OC contributions 

to aerosol water impacts absolute values in mass concentrations, but not interpretation of 

overall trends when compared to ALW calculated from inorganic components. We also 

estimated [ALW], again specifically at IMPROVE sites, with OC mass concentrations using the 

individual fractions (Christiansen et al., 2019) in an unsuccessful attempt to better connect to 

satellite-derived AOD. We were unable to broadly improve statistical relationships between 

AOD and surface [ALW] through inclusion of OC, and this made us cautious about considering 

organic species here. As suggested by the Reviewer, we re-did all ISORROPIA calculations for all 

sites over the entire time period and employ a kappa value of 0.3 to estimate ALW from organic 

components. Our main conclusion that finds ALW mass concentrations are larger during cloudy 

times than clear sky times across the CONUS (see new figure below, now Figure 4) remains true 

and consistent with the observed trend in inorganic ALW only. We include this information in 

the manuscript in both the methods and results sections and have a new figure explicitly 

estimating inorganic and organic contribution to ALW. We also more accurately reflect the cited 

studies: 



Organic hygroscopicity values are uncertain (Metzger et al., 2018; Nguyen et al., 2015) 

and the magnitude of water uptake by organics varies by location (Jathar et al., 2016)… 

And change the text to discuss ALW due to organic compounds. 

 Methods:  

Organic hygroscopicity values are uncertain (Metzger et al., 2018; Nguyen et al., 2015) 

and the magnitude of water uptake by organics varies by location (Jathar et al., 2016), in 

particular at IMPROVE sites (Christiansen et al., 2019). We provide an estimate of 

organic ALW using a relevant hygroscopicity value for rural aerosol of 0.3 (Chang et al., 

2010; Nguyen et al., 2014). Organic speciation at IMPROVE locations changes in time 

and space (Christiansen et al., 2020) and the suitability of applying a constant value for 

organic hygroscopicity is difficult to quantitatively assess. Organic ALW is estimated as in 

Christiansen et al. (2019) and Nguyen et al. (2015). Briefly, we use κ-Kohler theory and 

the Zdanovskii-Stokes-Robinson (ZSR) mixing rule (Eq. 1). 

 

𝑉𝑤,𝑜 = 𝑉𝑜𝜅𝑜𝑟𝑔
𝑎𝑤

1−𝑎𝑤
          (1) 

 

Here, the water activity (𝑎𝑤) is assumed to be equivalent to RH, 𝑉𝑜 and 𝑉𝑤,𝑜 are the 

volumes of organic matter and water from organic species, respectively, and 𝜅𝑜𝑟𝑔 is the 

organic hygroscopicity parameter. 𝑉𝑜 is determined by dividing organic mass (OM) by 

1.4 g cm-3 (Christiansen et al., 2019). OM is calculated from IMPROVE-measured OC with 

site- and time-specific OM:OC ratios, which are estimated via a mass balance method, as 

described in Malm et al. (2020) and Christiansen et al. (2020). Temperature and RH 

values … 

 

To the Results we add text in addition to the new figure 4:  

Mass concentrations of TOC are nearly always higher during Clear Sky times than Cloudy 

(Fig. 4, Table S7) in all chemical climatology regions across the CONUS, with the largest 

differences during summer and fall. The patterns are unique and consistent with SOA. 

Summertime wildland fires in the west and prescribed burning during spring and fall in 

the east may obscure interpretation due to large episodic primary OC emissions 

(Spracklen et al., 2007; Tian et al., 2009; Zeng et al., 2008). However, at IMPROVE 

monitoring locations, secondary organic aerosol (SOA) contribution to TOC dominates 

over contribution from primary sources (Carlton et al., 2018a). The most pronounced 

differences in Clear Sky and Cloudy TOC occur in summer in regions where precursor 

biogenic VOC emissions that form SOA are substantial (Donahue et al., 2009; Gentner et 



al., 2017; Youn et al., 2013). Further, increased sunlight and higher temperatures under 

Clear Sky conditions (Table S6) lead to higher biogenic VOC emissions that form SOA 

(Laothawornkitkul et al., 2009; Sakulyanontvittaya et al., 2008) and enhanced photolysis 

rates that facilitate hydroxyl radical production important to SOA formation (Tang et al., 

2003). These findings suggest differing organic chemical composition in TOC , on Clear 

Sky and Cloudy days. 

Cloudy period ALW mass concentrations are higher than Clear Sky in all seasons from 

both inorganic and organic contributions, with few exceptions (Fig. 3, Table S8). The 

largest Cloudy and Clear Sky ALW differences are observed in the central and eastern US 

during winter. The pattern in higher ALW during Cloudy periods is opposite the pattern 

of dry PM2.5 mass and arises from a combination of higher RH and changing aerosol 

composition that affects hygroscopicity. Nitrate is the most hygroscopic species 

considered in this analysis and high Cloudy NO3
- mass concentrations increase particle 

hygroscopicity to facilitate ALW during these times, despite lower overall dry PM2.5 

mass. Clear Sky and Cloudy changes in the precise chemical composition of organic 

compounds and their impacts on ALW remain critical open questions. 

 

 

 



 

Fig. 4. Distributions of a) inorganic ALW, b) organic ALW, and c) total (inorganic + organic) ALW during 

Clear Sky (yellow) and Cloudy (blue) times in all seasons across the CONUS. The width of the boxplot is 

proportional to the amount of observations that make up each distribution. Note that potential outliers 

are not shown, but are used in calculations. 

 

Lines 212-220 (and elsewhere for species other than TOC): This paragraph follows a frequent 
bias in the literature by talking more about sources than sinks. Aerosol concentrations are also 
higher during clear sky periods because removal by precipitation is more frequent in cloudy sky 
periods (e.g. Grandet et al. doi:10.5194/acp-13-3177-2013; and later paper by Gryspeerdt). On 
the source side mentioning both photochemistry and stagnation events is good. I would also 
suspect that fire frequency is important for differences between clear and cloudy periods, 
maybe especially in the eastern US where there is small-scale agricultural burning. 

We completely agree and the Reviewer is correct that we have not sufficiently discussed sinks. 

It is important to also note that the cloud definition we used employs the whole column (e.g., 

includes high level cirrus clouds) and most cloud droplets do not precipitate. However, we 

recognize that precipitation is an important factor in aerosol removal and certainly contributes 



to the observed differences. We also hypothesize that aerosol with more liquid water are 

physically larger and therefore, during cloud times (higher ALW) likely to dry deposit more 

quickly as well. We agree with the Reviewer there is a bias toward production. Our changed 

text: 

Methods: 

The impacts of wet deposition due to precipitation and dry deposition (i.e., particles are 

physically larger and more likely to deposit when water uptake is higher (Carlton et al., 2020)) 

are unconstrained in this analysis. 

 

Results:  

There is an increased likelihood of aerosol removal due to scavenging by precipitation during 

Cloudy times, and this may contribute to differences in mass concentrations. However, the 

cloud definition employed here uses the entire column (i.e., non-precipitating cirrus and stratus 

clouds are included), and the majority of cloud droplets evaporate (Pruppacher and Klett, 2010). 

In the case of fires, the Reviewer is correct that fire frequency is an important factor for TOC 

concentrations. We have included a statement that acknowledges the role of fires in OC 

concentrations. Fires most likely obscure TOC Clear Sky/Cloudy differences, as the amount of 

OC produced by fires is much larger than differences in Clear Sky and Cloudy TOC 

concentrations in the absence of fires. We amend the text to better include recognition of fire: 

Summertime wildland fires in the west and prescribed burning during spring and fall in the east 

may obscure interpretation due to large episodic primary OC emissions (Spracklen et al., 2007; 

Tian et al., 2009; Zeng et al., 2008). However, at IMPROVE monitoring locations, secondary 

organic aerosol (SOA) contribution to TOC dominates over contribution from primary sources 

(Carlton et al., 2018a). The most pronounced differences in Clear Sky and Cloudy TOC occur in 

summer in regions where precursor biogenic VOC emissions that form SOA are substantial 

(Donahue et al., 2009; Gentner et al., 2017; Youn et al., 2013). Further, increased sunlight and 

higher temperatures under Clear Sky conditions (Table S6) lead to higher biogenic VOC 

emissions that form SOA (Laothawornkitkul et al., 2009; Sakulyanontvittaya et al., 2008) and 

enhanced photolysis rates that facilitate hydroxyl radical production important to SOA 

formation (Tang et al., 2003). These findings suggest differing organic chemical composition in 

TOC , on Clear Sky and Cloudy days. 

 

My two big comments are about the figures and the logical ordering of the manuscript. 
Although it is there in the text if you read really carefully, the overall manuscript doesn’t really 
present in a logical order but instead jumps far too quickly to aerosol liquid water (ALW). I kept 
wanting to see the differences in concentration shown before the next step of computing ALW. 
Most of the figures for the concentration differences mysteriously omit organics, one of the 
most abundant species. Finally, the relevant quantity for comparing to satellites is not ALW. It is 



the wet aerosol (dry plus liquid water). No existing satellite can measure aerosol water content 
– so why choose this as the basis for your analysis when the motivation for the entire project is 
biases in satellite retrievals? 

The Reviewer is correct that total organic carbon (TOC) should be included in these figures. TOC 

was not the focus of this paper, and we previously excluded it in our ALW estimates. However, 

TOC is included in the total PM2.5 concentration and should be included in our figures. We now 

include TOC explicitly in the text and Figures. For example, TOC text is described above. Several 

Figures in the main text, appendix and supplemental information include TOC: 

 



Figure 3. Distributions of a) PM2.5, b) ALW, c) RH, d) SO4, e) NO3, and f) TOC mass concentrations 

during all seasons in the eastern US. Yellow boxplots indicate Clear Sky times, and blue boxplots indicate 

Cloudy times. In b), the green boxplots represent the Mixed ALW scenario. 

 

 

Figure 5. Distributions of a) PM2.5, b) ALW, c) RH, d) SO4, e) NO3, and f) TOC mass concentrations in all 

seasons in the Mid South. Yellow boxplots indicated Clear Sky times, and blue boxplots indicate Cloudy 

times. The width of the boxplots is proportional to the number of observations in each. Note that 

potential outliers are not shown, but are used in calculations. 



 

We look specifically at ALW for a few reasons. Aerosol size is determined in large part by water 

uptake, and size is a dominant determinant of light scattering by particles. ALW scatters visible 

light efficiently and affects satellite derived AOD in ways that are not fully captured through PM 

dry mass alone and plausibly explains differences between satellite AOD and surface PM2.5 

(Christiansen et al., 2019; Nguyen et al., 2016; Babila et al., 2020). ALW and particle hygroscopic 

growth are important to the quantification of aerosol-cloud interactions, and this growth 

affects cloud formation and precipitation patterns. Further, satellites “see” unperturbed 

aerosol, which includes ALW, while surface mass measurements largely remove ALW.  

We have added this sentence: 

ALW provides a plausible contribution to reconcile surface PM2.5 and remotely sensed AOT 

(Nguyen et al., 2016 and Babila et al., 2020). 

We perform here an analysis that investigates differences in PM2.5+ALW for Cloudy and Clear 

Sky differences. We find that Clear Sky/Cloudy differences in mass concentration largely follow 

the same trends as dry PM2.5, with the sole exception during summer. Because they are so 

similar we do not include the new plot in the revised manuscript but note it is retained in the 

public response document on ACPD. 

 

 

You will have a much better paper if you organize the results by first showing the differences in 
concentrations, then showing hygroscopicity and how that translates to wet aerosol. A good 
example of the poor organization is that Figure 1 is about ALW, which is a derived quantity that 
uses the information in Figure 2. Any reader just skimming the paper would get confused seeing 
Figure 1 come first. And even within figures information is poorly organized. In Figure 1, why 
isn’t “mixed” in between clear and cloudy? In Figure 2, why is RH in between PM2.5 and its 
constituents? 



In summary, start with the concentration differences as measured by IMPROVE, then extend 
those differences to ambient RH, as measured by satellite retrievals. 

We had intended to present what we thought were the most important results first, namely 

that particulate matter-water relationships are different on Clear Sky vs. Cloudy days. Both 

Reviewers had the same comment on organization and the Results section, including figures are 

nearly completely new.  

Another part of the paper that really needs work is the figures. Some figures simultaneously 
have too many panels and don’t convey enough information. Figures 3 to 7 are almost illegible. 

If it stays, Figure 1 could be done as one panel with grouped bars (just to be clear what I mean, 
googling “grouped bar chart” will show what I mean – I’m sure you use them all the time). 
Except you don’t really need Figure 1 – it could be combined as a last column in Figure 2, more 
like Figure 8. 

We have new Figures 1 and 2, that are similar to that suggested by this Reviewer below. We 

focus on the Eastern U.S. because this area best facilitates  statistically robust evaluation of 

Cloudy and Clear Sky. Focusing on just the Eastern U.S. for figure presentation helps clarify.   

 

 

 

 



Figure 1. Differences in PM2.5 mass concentrations in the Eastern U.S. Clear sky values are yellow and 

Cloudy are blue. Median values are shown as midline with box boundaries as the 75th and 25th 

percentiles. Whiskers are 90th and 10th percentiles. Outliers are not shown but are included in 

calculations. PM2.5 mass is typically highest during Clear Sky conditions with the exception of winter. 

 

 

 

Figure 2. Seasonal median values of PM2.5 chemical constituent in the Eastern U.S. during MODIS-

defined Clear sky (left stacked bar in each pair) and Cloudy (right stacked bar in each pair) conditions. 

Total organic carbon mass concentration are nearly universally higher during Clear Sky conditions in all 

regions and this pattern is unique among PM2.5 chemical constituents. 

 

Figure 2 could be done in 4 panels, not 16. Except it should be 6 panels – it should include TOC 
and wet aerosol. The columns should be organized logically One good way to organize would be 
left-to-right to show SO4, NO3, and TOC, then dry PM2.5 (and label it “dry” for clarity), then 
RH, then wet aerosol. Figure 8 should follow FIgure 2. 

We have introduced an Appendix that helps preserve information regarding the spatial 

differences while not detracting from the main body of the text. 

 

Figures 3 to 7 are extremely hard to read, even at high magnification on the screen. And the 



color coding is a poor choice for quantitative information. There is research showing that bar 
and line graphs are read more accurately than are color codes or pie graphs. Readers can 
correctly discern quantitative changes in bar and line graphs that they can’t accurately judge in 
other formats. Contour plots are good, too. Also, using five repetitive figures (3 to 7) doesn’t 
really work very well. I’d try very, very hard to make some sort of bar graphs that are tied to a 
map and to put more than one species on the same plot. For ideas look at the way the 
IMPROVE data were plotted with bar graphs tied to a map in Hand et al. 2012 
(doi:10.1029/2011JD017122) or line graphs superimposed on a map in Murphy et al. 2008 
(www.atmos-chem-phys.net/8/2729/2008/). 

I can’t say I can see exactly how you should do the map plots. Please understand as a reviewer 
one sees figures that work well and figures that don’t work. Your figures 3 to 7 don’t work well.  

There is distracting use of color: for there is no reason why the column headings in Figure 2 
should be in colored fonts, and no particular reason why the “clear” should be brownish and 
the “cloud” should be blue. 

We have entirely new figures based in large part on the Reviewer recommendations. They are 

presented in the response above and below. We avoid repeating their presentation here for 

this comment.  

http://www.atmos-chem-phys.net/8/2729/2008/


 
 
Including this here isn’t about the content in this figure from Hand et al. Instead, I’m putting 
this in as an example of how you might try to plot your data to be more legible than Figures 3 to 
7 in the manuscript. Instead of the bar plots of composition by month you could have 
clear/cloud data for major constituents or something like that. 

  



Reviewer 2 

This manuscript takes a look at some of the potential biases that arise when satellites are used 
to validate/inform the modeling/interpretation of ground aerosol measurements (specifically 
for the continental US and the MODIS satellite sensors). Valid aerosol satellite retrievals for 
scenes impacted by clouds are challenging, even in the free troposphere (e.g. above the cloud 
deck) and when looking specifically at ground data, they basically result in a large fraction of 
measurements being discarded. Christiansen et al ask the question how this missing data 
impacts aerosol composition and one related quantity, aerosol liquid water (ALW), using 
IMPROVE data for the former and ISORROPIA runs to estimate the later. They conclude that 
there is indeed a significant bias in both quantities across most seasons in the US. 

Since clear-sky AOD (which is impacted by both dry aerosol concentration and ALW) is one of 
the preferred ways to evaluate GCM performance over large domains, the bias described in this 
paper is very relevant to the ACP readership. The chosen approach is simple, elegant and 
reasonably robust. While it has been used before to explore the PM2.5 bias in the CONUS 
(Christopher and Gupta, 2010), this manuscript improves on the method, uses more recent 
data and more advanced MODIS products and adds seasonality and ALW to the mix. So it will 
certainly be a useful addition to the literature. Not unlike Reviewer #1, however, I found some 
aspects of the logical flow of the current manuscript confusing, so here are some suggestions 
that hopefully will improve the presentation of what is overall very nice work.  

We thank the Reviewer for their comments. We respond to specific comments below and 
indicate changed text in red. 

 

Major comments: 

-There are two interrelated questions that the manuscript is currently trying to address:  

a) Does the presence of boundary layer clouds impact aerosol composition on the 
ground in rural US locations and if so, how?  

b) Does the aerosol in cloudy satellite scenes look different than clear sky scenes and 
does this result in a systematic bias for AOD analysis that only use clear sky scenes?  

While most of the manuscript focuses on a), b) is repeatedly mentioned in the abstract and 
conclusions, although never really directly addressed. Now, if (a) is indeed the main objective, 
the current approach is a little bit less than ideal. To wit:  

O If I follow correctly, the cloudmask used in this manuscript does NOT differentiate 
between low and high clouds (although this information is provided by MODIS). If the goal of 
this paper is (b), that is a valid choice. But if the goal is to actually explore how boundary layer 
clouds affect chemistry, this should be certainly changed, and the analysis repeated with low 
clouds exclusively. I would expect that this will actually strengthen the trends observed and 
won’t be statistically too costly, especially in the Western US. 



In this work, we focus on objective (b) and examine the potential for quantitative bias in 
remote aerosol measurements due to effective sampling frequency because retrievals 
impacted by clouds being removed from the final data product. Our work can inform and we 
think warrants future work related to objective (a) because we demonstrate PM chemical 
constituents do vary from Cloudy to Clear Sky times. 

 

O While relating the cloudmask to the most often used AOD sensor is certainly very 
useful to explore (b), it results in a pretty clear bias since AQUA and TERRA overpasses over the 
CONUS are only once a day each, and none of them after 2 pm (this info is missing currently 
from the manuscript and needs to be added for context), while the compositional data is taken 
for a 24 h period. Especially for the late Spring and Summer, where both the maximum cloud 
and photochemistry activity is later in the day, this will lead to some misclassification. So again, 
if the impact of BL cloud chemistry is the focus, using data from a geostationary satellite (e.g 
GOES16 or Himawari-8, both of which have similar pixel sizes to MODIS) for full day coverage 
would make more a lot more sense and result in likely more robust results that using MODIS.  

The Reviewer is correct that we do not differentiate between low and high clouds in our 
analysis, although we acknowledge that boundary layer aerosol interacts with only low-level 
clouds. Our discussion was not enough. We have substantially revised the manuscript text to 
address this Reviewer concern. 

“Cloudy and clear sky classifications are determined using publicly available data 
(National Aeronautics and Space Administration, 2018) from MODIS on the Aqua and 
Terra satellites. We use MODIS since it is frequently utilized in air quality applications 
such as estimations of surface PM2.5 concentrations on both global and regional scales. 
We do not differentiate between high and low clouds, and acknowledge that boundary 
layer aerosol interacts only with low-level clouds. Our goal is to assess differences in 
PM2.5 mass and chemical composition between Cloudy and Clear Sky times under all 
cloud scenarios, as high and low clouds both interfere with successful satellite retrievals.  

 

The Reviewer is correct that more information about Aqua and Terra overpasses should be 
added to the manuscript, as the overpass times are other sources of potential biases in both 
AOD retrievals and the classification of cloudy and clear sky conditions. Pairing these 
overpasses with 24-hour compositional data is less than ideal. We acknowledge and expand on 
these uncertainties in our methods section: 

“Pairing of satellite and surface PM2.5 mass measurements typically works best in rural 
and vegetated locations, where the spectral properties of the background tend to be 
dark and vary little over the space of a satellite grid cell (Hauser, 2005; Jones and 
Christopher, 2010). For this reason, we use rural IMPROVE network sites that are 
located primarily in national parks, although improvements have been made for 
retrievals over bright surfaces (Hauser, 2005; Hsu et al., 2004, 2006, 2013; Zhang et al., 
2016). MODIS overpasses occur once per day for each satellite platform, at 10:30 (Terra) 



and 13:30 (Aqua) local time. IMPROVE measurements are 24-hour samples, 
representing broader conditions than those captured by the MODIS overpasses and 
adding uncertainty to our analysis due to diurnal variations in both cloud conditions and 
particle composition.” 

On the other hand, if (b) is the main objective, as Reviewer #1 mentioned in his review, the 
current manuscript does not really try to relate the changes in PM2.5 and ALW to an actual bias 
in the MODIS product. 

From my reading of the manuscript, the goal seems to be to answer (a) and use (b) for 
illustrative purposes, which is a good choice in my opinion, especially since  

O the authors have already published a manuscript with a similar approach where they 
look in more detail at the AOD impacts (Christiansen et al, 2019) that could be mentioned in 
some more length in the conclusions, and 

O as discussed both in the manuscript and below, there is just too much uncertainty in 
the IMPROVE data to attempt closure, especially since FT aerosols are not included and likely 
play a role (again as discussed in Christiansen et al, 2019) 

The Reviewer is correct that we are mainly using a potential bias in AOD for illustrative 
purposes. We are focusing on addressing quantitative differences between aerosol chemical 
composition between clear sky and cloudy times, and we use AOD and our understanding of 
aerosol-cloud interactions as examples of things that could be impacted by this bias. We agree 
with the Reviewer that we can address the potential impact in AOD more directly, and we 
include statements in our results and conclusions sections. 

Results:  

IMPROVE measurements are 24-hour samples. Further, we analyze surface 
measurements only and do not address aloft extinction, which can be substantial at 
IMPROVE sites (Christiansen et al., 2019). 

Conclusions:  

“Spatially and seasonally, PM2.5 and particle speciation information that lends insight 
into water uptake, particle properties, and particle growth is incomplete when 
information is gathered only during Clear Sky times. Differences in PM2.5 concentrations 
under different cloud conditions suggest a potential bias in the understanding of PM2.5 
and AOT when using information only from Clear Sky times. The work presented here 
indicates aerosol growth due to water uptake is greatest during satellite periods 
identified as Cloudy in many regions, when satellites are unable to remotely sense 
particle properties and impacts.” 

 

But in that case, I would certainly ask the authors to please clarify and illustrate the trade-offs 
in their choices of satellite products. Switching to geostationary data is probably outside the 



scope of this project, but the option should be discussed (and maybe considered for future 
analysis of similar dataset). 

The Reviewer is correct that our reasons for using the satellite products we chose should be 
discussed more thoroughly in the manuscript. We have included more detail in our methods 
section, as detailed above in a previous comment. 

We agree that the findings described here warrant further and more robust investigation of 
cloud physics and state this now explicitly and end the manuscript with: 

This work suggests further study employing new satellite algorithms and geostationary 

analysis is warranted.  

 

-Related to the previous point, the current manuscript spends considerable space talking about 
cloud affecting the FT aerosol, which is not really the focus of the paper (e.g. not clear to me 
why the fact that most aerosol measurements from aircraft exclude the cloud itself is relevant 
to this work, which deals with the aerosol below), so I would consider shortening those sections 
(mostly the intro) significantly to avoid confusion and for better flow. It also never really 
mentions the most important factor that matters for what the authors are exploring here, 
aerosol ground concentrations, namely clouds blocking any retrieval below cloud height. It is 
true that the MODIS team has done a great job trying to retrieve AOD ABOVE cloudy scenes, as 
the manuscript mentions, but below is just not feasible if it’s too cloudy, one of the reasons 
why the author’s analysis is so valuable: it’s not faulty data, but missing data that they are 
addressing. 

We have reduced non-satellite parts of the intro, but leave just 3 sentences to demonstrate 
atmospheric chemistry more broadly than the satellite information has bias. 

“Convective clouds are the primary drivers of vertical transport in the atmosphere, moving 
trace species from the boundary layer to the free troposphere (FT), where radiative impacts are 
amplified (Ervens, 2015). Aerosol-cloud interactions are complex and a critical uncertainty in 
model projections (Fan et al., 2016).” 

“These view the entire Earth surface every 1 to 2 days and are used to impart information 
about surface PM2.5 for use in air quality applications (van Donkelaar et al., 2015b; Gupta et al., 
2006; Kloog et al., 2011; Sorek-Hamer et al., 2016).” 

“In this work, we test the hypothesis that there are quantitative differences in surface PM2.5 
chemical composition between cloudy and clear sky time periods in ways important for water 
uptake. We employ a combination of satellite products, surface measurements, and 
thermodynamic modeling to analyze annual and seasonal trends in chemical climatology 
regions across the CONUS. We assess and quantify seasonal statistical significance (Kahn, 2005) 
for differences in distributions of RH, surface PM2.5, and chemical speciation…” 

 



-I would strongly suggest to move the PM2.5 analysis at the beginning of the discussion, since it 
is the simpler metric to start with, and then go into the detailed compositional/ALW analysis. 
Most importantly, since this type of analysis has been done before, both in Christopher and 
Gupta with older MODIS data product and , for non-cloudy data using the new algorithm in 
Chudonowski et al, 2013, it would actually allow for a direct comparison of the observed PM2.5 
with previous studies, which would significantly strengthen the analysis. It would also, to the 
extent possible, be useful if the authors could comment on why Christopher and Gupta came to 
the opposite conclusion. 

The Reviewer is correct. Moving this analysis to the beginning sets the stage nicely for our 
analysis of chemical composition and makes our work more directly comparable to previous 
work by Christopher and Gupta. We also include more discussion regarding Christopher and 
Gupta’s work: 

 

We agree with the Reviewer that more study with different and improved satellite products is 
warranted and now end the manuscript with this sentence: 

This work suggests further study, employing new satellite algorithms and geostationary analysis 

is warranted.  

We comment more on the findings by Christopher and Gupta: 

Similarly, Christopher and Gupta (2010) found Cloudy and All Sky PM2.5 surface mass 
concentrations differed by 2.5 µg m-3 for the CONUS in 2006, but differences in that work were 
not statistically significant as they are here. This may be due to differing regional and temporal 
aggregation, the considered timeframes, and Clear Sky definitions. In that work, a day was 
defined as Clear Sky if one pixel in the 5x5 grid had a successful AOT retrieval, whereas we take 
the 44.4% approach described above, counting days as Cloudy if all pixels in the grid are not 
retrieved. In all regions, Clear Sky PM2.5 concentrations are generally higher than Cloudy with 
some exception during winter. 

-The speciated IMPROVE data is certainly not ideal for calculating ALW. The authors have done 
one sensitivity analysis to investigate the impact of dust. However, a similar analysis for the 
missing ammonium and OA is missing. 

O The impact of ammonium, since it will be associated with nitrate and sulfate, will, in 
the absence of good acidity measurements, just be a positive offset on the current trends, as 
the authors write. Still, since for neutralized aerosol it is going to add significant mass and ALW 
to the analysis, it would be nice to add this explicitly to Fig S2 

The Reviewer is correct that the lack of ammonium measurements is not ideal for calculating 
ALW. While we do not have any ambient ammonium measurements that can be used from the 
IMPROVE network, we perform a sensitivity analysis using bi-weekly ammonium values 
provided from the EPA’s CASTNET at 15 sites co-located with IMPROVE network sites from 
2010-2014. We use monthly averages as inputs to ISORROPIA and then aggregate ALW results 
across the CONUS, presented in the figure below. We find that including NH4 changes ALW 
magnitude but not trends. We include this information in the supplemental information. 



Methods: “Ammonium ion is not considered due to limited measurement availability, and while 
this impacts absolute values, temporal trends remain unchanged (Fig. S2).” 

  

Fig. S2. ALW temporal trends with (light blue) and without (dark blue) ammonium. Ammonium 
measurements are not available in the IMPROVE network, but some EPA CASTNET sites are co-
located with IMPROVE sites. Ammonium values are taken from 15 co-located CASTNET and 
IMPROVE sites, and monthly aggregates are used as inputs to ISORROPIA. Including ammonium 
changes absolute values but does not alter trends.  

We also now include organics in our ALW analysis, as detailed in the comment directly below. 

 

O I agree with Reviewer #1 that not estimating OA ALW is an odd choice, since OA has a 
clear seasonal trend that will in some cases make the observed trends likely stronger and there 
are good published estimates for kappa for oxidized aerosol over the continental US (e.g. Brock 
et al, 2016 and Shingler et al, 2016). Obviously fresh POA is an issue, but since the analysis is 
restricted to rural sites there should be very little urban POA. Fire POA if needed can be just 
filtered by either the MODIS fire flag or some simpler compositional metric (e.g. f(OA)>0.8). So I 
would suggest that – at least as an additional sensitivity study - the authors add OA ALW, using 
an OA/OC of 2.1 (used for OOA in newer GCMs like Geos-Chem and CESM2) outside of fire days 



and a kappa value of ~0.1 (for OA). This would be very close to the assumptions that a modeling 
study would do and hence give a good sense of the possible effect 

The Reviewer is correct that we should be explicit about our ALW calculations and the 
uncertainties inherent to our method. We perform a sensitivity using water from organics, as 
also suggested by Reviewer 1. We use a kappa value of 0.3 to estimate ALW from organic 
components, as this value has been measured for rural organic aerosol (Chang et al., 2010; 
Nguyen et al., 2014). When we perform this analysis, we find that our results showcase the 
same trends as ALW from inorganic components, where Cloudy concentrations are larger than 
Clear Sky. We use median values in our analysis to avoid influence from outlier events such as 
fires. 

Methods: “We provide an estimate of organic ALW using a relevant hygroscopicity value for 

rural aerosol of 0.3 (Chang et al., 2010; Nguyen et al., 2014). Organic ALW is estimated as in 

Christiansen et al. (2019) and Nguyen et al. (2015). Briefly, we use κ-Kohler theory and the 

Zdanovskii-Stokes-Robinson (ZSR) mixing rule (Eq. 1). 

 

𝑉𝑤,𝑜 = 𝑉𝑜𝜅𝑜𝑟𝑔
𝑎𝑤

1−𝑎𝑤
           (1) 

 

Here, 𝑎𝑤 is water activity, which is assumed to be equivalent to RH, 𝑉𝑜 and 𝑉𝑤,𝑜 are the volumes 

of organic matter and water from organic species, respectively, and 𝜅𝑜𝑟𝑔 is the organic 

hygroscopicity parameter. 𝑉𝑜 is determined by dividing organic mass (OM) by a typical density 

of 1.4 g cm-3. OM is determined by multiplying IMPROVE-measured TOC by OM:OC ratios, 

which are estimated using IMPROVE chemical composition via the mass balance method 

described in Malm et al. (2020) and Christiansen et al. (2020).” 

Results: “Where differences are significant for ALW, Cloudy ALW is higher than Clear Sky in all 

seasons, with few exceptions (Fig. 3, Table S3). This is true for both inorganic and organic 

contributions to ALW across the CONUS. When organic ALW is estimated with a typical rural 

organic hygroscopicity value and added to inorganic ALW, overall ALW concentrations are 

altered, but not Cloudy/Clear Sky trends (Fig. 6). Organic aerosol hygroscopicity and water 

uptake is highly uncertain (Christiansen et al., 2019; Nguyen et al., 2015), and organic ALW 

estimations can differ from inorganic ALW concentrations up to 28% at rural locations in the 

southeast US (Nguyen et al., 2015), with a likely smaller change in the dry western US. Despite 

these uncertainties, water uptake by organic aerosols has profound impacts on top-of-

atmosphere radiative forcing calculations (Rastak et al., 2017).” 

 



 

Fig. 4. Distributions of a) inorganic ALW, b) organic ALW, and c) total (inorganic + organic) ALW 
during Clear Sky (yellow) and Cloudy (blue) times in all seasons. The width of the boxplot is 
proportional to the amount of observations that make up each distribution. Note that potential 
outliers are not shown, but are used in calculations. 

 

-I agree with Reviewer #1 that changing the format of Fig 3 to 7 (and Fig S4) to a single map 
with barplots for the four seasons (or some variation of this general idea) would make it much 
easier to take in the information conveyed in those graphs quickly, and would highlight the 
seasonal trends much better than the current format. 

We have revamped every Figure 

-The effect of wet deposition is likely significant and I would not expect it to be countered by 
evaporation (at least outside of cloud detrainment). Its sign is opposite to the trends shown in 
this paper and hence it does not affect the significance of the conclusions. Still, since the 
authors have the reanalysis meteorology, a simple sensitivity study looking at the differences 
between cloudy vs cloudy + rainy days would give the reader a better sense of how large the 
problem is. 



The Reviewer brings up an interesting point, and we agree that differences in losses both due to 
dry and wet deposition are likely different and unconstrained in this analysis. It is unclear how 
this would strengthen our analysis. We focus on the differences in PM chemical composition 
between cloudy and clear sky days as seen by satellites. Regardless of whether a cloud is 
raining, the remote measurement would be removed from the final data product, similar to a 
non-precipitating cloud. Quantifying the impact of wet deposition on aerosol concentrations is 
beyond the scope of our analysis, but it is an interesting idea for future study. We acknowledge 
that removal of aerosol via deposition is important for explaining differences between Cloudy 
and Clear Sky times, and we include statements in a few places in our discussion to address this: 

text: 

Methods: 

The impacts of wet deposition due to precipitation and dry deposition (i.e., particles are 

physically larger and more likely to deposit when water uptake is higher (Carlton et al., 2020)) 

are unconstrained in this analysis. 

 

Results:  

There is an increased likelihood of aerosol removal due to scavenging by precipitation during 

Cloudy times, and this may contribute to differences in mass concentrations. However, the 

cloud definition employed here uses the entire column (i.e., non-precipitating cirrus and stratus 

clouds are included), and the majority of cloud droplets evaporate (Pruppacher and Klett, 2010). 

 

Minor comments: 

-Line 24: For OA and sulfate, Ervens et al 2018 have recently looked at FT cloud chemistry as 
well, please add. 

The Reviewer is correct. Ervens et al. (2018) found that the mass ratio of potential aerosol 
sulfate and aqueous SOA mass to the initial aerosol mass can be used to predict if cloud 
processing is detectable. 

Cloud processing alters physical and chemical parameters of boundary layer aerosol that served 
as cloud condensation nuclei (CCN). Condensed phase chemistry in cloud droplets changes 
aerosol geometric mean diameter (Meng and Seinfeld), hygroscopicity and oxygen to carbon 
(O:C) ratio (Ervens et al., 2018).  

 

-Line 24-25: Clouds do not redistribute aerosols and gases, convection (or convective clouds, if 
you will) does. Please rephrase. 

The Reviewer is correct. We have rephrased this sentence: 



“Convective clouds are the primary drivers of vertical transport in the atmosphere, 
moving trace species from the boundary layer to the free troposphere (FT) (Ervens, 
2015), where radiative impacts are amplified.” 

-Line 40: This is wrong as written. RH dependent lab studies have been done since the ‘60s! I 
am assuming the authors are referring specifically to environmental chamber work exploring 
aerosol chemistry, where it is true that many older studies were done under dry conditions, but 
that has changed in the past decade, see e.g. Petters et al, 2017 or Schwantes et al 2019 for 
recent examples. So please revise accordingly. 

The Reviewer is correct that there have been and continue to be experiments that perturb RH. 
Most (definitely not all!) do not change the amount of condensed phase liquid water though.   

Laboratory experiments include RH influence (e.g., Hinks et al., 2018; Lamkaddam et al., 2017), 
and understanding the impact on the amount of aerosol liquid water is critical (Kamens et al., 
2011). 

-Line 97: It is not clear to me how 17x500m = 50 km, please explain. It would also help to 
mention some version of this is standard practice for most satellite/ground comparisons and 
that e.g. Christopher and Gupta, 2010 used 5x5 grids with a resolution of 4 km.  

There was a typo in the manuscript that confused this issue. The 17 x 17 array was of 3km grid 
cells, which were themselves constructed from 500m subpixels. The description of pixel and 
subpixels was corrected, and the 17 x 17 array was removed from the manuscript. Results were 
robust to the approach, and we believe that the 17 x 17 array was adding unnecessary 
confusion. 
 

-In that context, it would be worth citing Twohy et al, 2009 that the effect of clouds on AOD 
extends at least 20 km farther than the actual cloud, and that using the larger detection area 
will hence certainly improve the accurate detection of cloud free scenes 

The Reviewer is correct, and including this reference helps strengthen our methods. We have 
included it in our methods section: 

The effects of clouds on AOT extends at least 20 km farther than the cloud itself (Twohy 
et al., 2009), and our wide area helps to improve accurate designation of Clear Sky times 
as detected by satellites.” 

 

-Line 215: Biogenic emissions have a strong dependence on ambient/soil temperature. Cloudy 
scenes are likely colder, so in the absence of data this effect could be either sun or temperature 

The Reviewer is correct, and we appreciate that they have pointed this out to us. We have now 
included the dependence of biogenic emissions on ambient and soil temperature: 

Further, increased sunlight and higher temperatures under Clear Sky conditions (Table S6) lead 

to higher biogenic VOC emissions that form SOA (Laothawornkitkul et al., 2009; 

Sakulyanontvittaya et al., 2008) and enhanced photolysis rates that facilitate hydroxyl radical 



production important to SOA formation (Tang et al., 2003). These findings suggest differing 

organic chemical composition in TOC , on Clear Sky and Cloudy days. 

-Line 217: While there might be some uncertainty in OA ALW (mostly related to the O/C ratio of 
OA) for the inorganic concentrations at this rural locations the overall effect is not that large. So 
while this statement might be true in other domains, I would revise it for the CONUS. 

The Reviewer is correct that organic ALW concentrations are substantially smaller than 

inorganic ALW concentrations. Previous analyses (Nguyen et al., 2015) show that OC 

contributions to aerosol water can differ from inorganic estimations by up to 28% at rural 

locations in the southeast US. Organic ALW values are likely to be smaller in western, drier 

regions of the US. We have revised this sentence to be clearer: 

Organic hygroscopicity values are uncertain (Metzger et al., 2018; Nguyen et al., 2015) and the 
magnitude of water uptake varies by location (Jathar et al., 2016), but is typically less than the 
contribution from inorganic constituents at IMPROVE sites (Christiansen et al., 2019) and 
surface locations globally (Nguyen et al., 2016b).  

-Line 240: Jefferson et al show f(RH) that are significantly higher than the values reported in 
Table 1. Again, it would increase confidence in the analysis if it could be shown that adding 
ammonium and OC does result in roughly similar growth rates.  

The Reviewer is correct that it would increase confidence to include ammonium and OC in our 
growth factor estimations. Ammonium measurements are unavailable at all IMPROVE sites, and 
there are no co-located IMPROVE and CASTNET sites in the Mid South region, making us unable 
to include ammonium in our growth factor calculations. We are able to include OC, and we do 
this using a kappa value of 0.3, a typical value for rural aerosol (Chang et al., 2010; Nguyen et 
al., 2014), and present the results in the table below. 

 

 Growth Factors (SO4, NO3 only) Growth Factors (SO4, NO3, TOC) 

 Clear Sky Cloudy Clear Sky Cloudy 

Winter 1.33 1.50 1.24 1.45 

Spring 1.25 1.41 1.20 1.37 

Summer 1.21 1.39 1.17 1.28 
Fall 1.18 1.37 1.16 1.31 

 

We change Table 1 to now show the estimates that include TOC: 

 SO4
2- NO3

- ALW RH Growth Factors 
 CS Cl CS Cl CS Cl CS Cl CS Cl 

Win 0.77 1.24 0.90 1.22 1.32 3.61 0.64 0.80 1.24 1.45 

Spr 1.46 1.79 0.37 0.50 2.48 4.02 0.62 0.76 1.20 1.37 

Sum 1.91 1.69 0.20 0.19 2.92 3.57 0.59 0.72 1.17 1.28 



Fall 1.05 1.17 0.18 0.33 1.56 2.74 0.57 0.73 1.16 1.31 

 

We find that the overall trends between Cloudy and Clear Sky times are the same, with Cloudy 
times having larger growth factors than Clear Sky. The growth factors that include TOC are 
smaller than those calculated from only SO4 and NO3, as the assumed hygroscopicity value for 
TOC is smaller than the values for SO4 and NO3. However, the same overall trends are seen 
between Cloudy and Clear Sky times for growth factors calculated both ways, and this adds 
confidence to the robustness of our analysis. We also find that, in both estimations, the largest 
absolute growth factors occur during Cloudy times in winter and spring. 

Our calculated growth factors are lower than Jefferson’s, likely because we are unable to 
include some species (such as ammonium) in our analysis, which would be present in the 
ambient aerosol measured by Jefferson. 

We include information regarding these changes in the methods section: 

Methods: “Growth factors used in the Mid South region are estimated from a modified Kohler 
equation (Brock et al., 2016; Jefferson et al., 2017) (Eq. 2). We use RH from the NARR and 
estimate 𝜅𝑑, the particle hygroscopicity, from IMPROVE-measured chemical composition mass 
concentrations and individual species κ values (𝜅𝑆𝑂4=0.5, 𝜅𝑁𝑂3=0.7, 𝜅𝑜𝑟𝑔 = 0.3) (Chang et al., 

2010; Nguyen et al., 2014; Petters and Kreidenweis, 2007).” 

We also address the discrepancy between our values and Jefferson’s values in the results:  

Observed growth factors by Jefferson et al. (2017) are higher than those estimated here, 
and we suspect this arises due to the presence of hygroscopic species such as 
ammonium, which is common to agricultural regions and not included in our ALW 
estimates. 
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