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Abstract Cirrus clouds have large climate impacts, yet aerosol indirect effects on cirrus microphysical
properties remain highly uncertain. There is a lack of observational analysis on thermodynamic,
dynamical, and aerosol indirect effects simultaneously, which limits the quantification of each effect. Using
seven National Science Foundation aircraft campaigns, impacts of temperature, relative humidity, vertical
velocity, and aerosols are individually quantified. Nonmonotonic correlations of ice water content, ice
crystal number concentration (Ni), and mean diameter (Di) with respect to aerosol number concentrations
(Na) are consistently seen at various conditions. Positive correlations become significant when Na > 500 nm
(Nasgp) and >100 nm (Najo) are 3 and 10 times higher than average, respectively. While Nasq, are more
effective at temperatures closer to —40 °C with small vertical velocity fluctuations and are less sensitive to ice
supersaturation, Najg, are more effective at colder temperatures with higher updraft and higher ice
supersaturation, indicating heterogeneous and homogeneous nucleation mechanisms, respectively.

Plain Language Summary Cirrus clouds in the upper troposphere can either warm or cool the
Earth surface. At temperatures <—40 °C, cirrus clouds are entirely composed of ice and form under two
major mechanisms, depending upon the environmental conditions such as temperature, water vapor,
vertical velocity, and aerosols. Ice forms with the help of a solid particle via heterogeneous nucleation, while
homogeneous nucleation directly freezes liquid aerosols. Because multiple factors can affect cirrus cloud
formation, alarge uncertainty in understanding the individual effect is present. This study uses a large global
data set of aircraft observations to better understand cirrus cloud formation. Findings indicate that
controlling environmental factors is critical before investigating the aerosol indirect effects on ice clouds. Ice
crystals are more populated and larger, in the presence of more aerosols. Comparing the impacts of

larger and smaller aerosols, they show different effectiveness under various environmental conditions,
indicating ice formation via heterogeneous and homogeneous nucleation, respectively. These results suggest
that aerosols emitted by human activities very likely modify cirrus cloud properties, but their influences
are nonmonotonic and depend on environmental conditions.

1. Introduction

Cirrus clouds play an important role in balancing the global radiation budget (Chen et al., 2000). When
quantifying the magnitudes of shortwave and longwave radiation, the microphysical properties of ice
crystals are important for determining whether the net radiative forcing produces a warming or cooling
effect on Earth's surface (Liou, 1986). Ice water content (IWC), number concentration, and mean diameter
of ice crystals significantly affect cloud albedo and optical depth; therefore, quantifying these microphysical
properties at various temperatures is crucial for evaluating and improving ice microphysics parameteriza-
tions in global climate models.

Ice nucleation and ice microphysical properties are affected by various factors, including thermodynamic
conditions (i.e., relative humidity and temperature), dynamical conditions (e.g., vertical velocity), and aero-
sol number concentrations and compositions. Two major formation mechanisms contribute to ice nuclea-
tion, namely, homogeneous and heterogeneous nucleation (Pruppacher & Klett, 2010). Heterogeneous
nucleation requires the presence of ice nucleating particles (INPs) but can occur at a relatively lower ice
supersaturations (ISS; where relative humidity with respect to ice (RHi) >100%). In addition, heterogeneous
nucleation generally produces a smaller ice crystal number concentration (Ni) compared with homogeneous
nucleation (Jensen et al., 2013), which subsequently affects the net radiative forcing of cirrus clouds
(Lohmann & Gasparini, 2017). Previously, a series of studies based on in situ observations showed that
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thermodynamic and dynamical conditions have major impacts on ice microphysical properties
(D'Alessandro et al., 2017; Diao, Zondlo, et al., 2013, Diao, Zondlo, Heymsfield, Avallone, et al., 2014;
Diao, Zondlo, Heymsfield, & Beaton, 2014; Diao et al., 2015, 2017; Heymsfield, 1975, 2013, 2017; Krdmer
et al., 2009, 2016; Luebke et al., 2013, 2016; McFarquhar & Heymsfield, 1996; Schiller et al., 2008). Other
laboratory experiments (Hiranuma et al., 2014) and field observations (DeMott et al., 2015) have showed
that thermodynamic conditions can also affect the types and concentrations of aerosols that can be
activated as INPs.

Due to the complexity of different ice nucleation mechanisms being affected by ambient conditions and the
availability of INPs, there are still large uncertainties associated with the understanding of aerosol indirect
effects on ice clouds as well as the estimates of their climate impacts (Fan et al., 2016; Ghan et al., 2016;
Lohmann & Feichter, 2005). Previous modeling studies found relatively weak correlations between aerosol
number concentration (Na) and Ni via homogeneous nucleation; that is, Ni increases by a factor of 1.3-3
with a tenfold increase of Na (Kircher & Lohmann, 2002; Kay & Wood, 2008; Liu & Shi, 2018). Aerosol
indirect effects are also affected by other conditions in global climate model simulations, including the
assumption of whether INPs activate under a constant or variable RHi threshold (Kircher & Lohmann,
2003), the inclusion of subgrid-scale vertical velocity (Penner et al., 2018; Shi & Liu, 2016; Wang et al.,
2014), subgrid-scale water vapor variability (Wu et al., 2017), aerosol size distribution (Liu & Shi, 2018),
and preexisting ice (Kuebbeler et al., 2014; Shi et al., 2015) in model parameterizations. To improve the
understanding of aerosol indirect effects, several observation-based analyses have been conducted. Using
aircraft observations, Cziczo et al. (2013) showed that mineral dust and metallic particles frequently reside
in ice residuals, which are the residuals after removing water from ice particles. Field measurements of
INPs show that total aerosol concentrations with diameters greater than 500 nm can be used as a good
indicator of the INP number concentrations at >—36 °C (DeMott et al., 2010). A satellite-based analysis
demonstrated the importance of separating stronger and weaker convection when examining aerosol
indirect effects on convective and anvil clouds (Zhao et al., 2019). The authors showed that using aerosol
optical depth as a proxy for aerosol loading, ice cloud effective radius (r,) decreases with polluted continental
aerosols near cloud top in strong convection but increases with aerosols in moderate convection. Up to
today, there is a lack of in situ observations that studies aerosol indirect effects by simultaneously quantify-
ing the impacts of thermodynamic and dynamical conditions. Ideally, such analysis would not only require
high-resolution, accurate measurements of a series of variables such as water vapor, temperature, vertical
velocity, aerosol number concentrations, and cloud hydrometeors but also relies on a significant number
of samples to provide statistically robust results.

This study aims to address this knowledge gap by examining aerosol indirect effects under controlled
thermodynamic and dynamical conditions, specifically temperature, RHi, and vertical velocity. A major
advancement of this work is to develop a comprehensive in situ data set from several flight campaigns,
covering from 87°N to 75°S, providing ample number of samples to study various ambient conditions and
geographical locations. Seven flight campaigns funded by National Science Foundation (NSF) onboard
the NSF/National Center for Atmospheric Research Gulfstream-V (G-V) research aircraft are used in this
study. The analyses provide an unprecedented geographical coverage based on research aircraft observa-
tions, which can serve as a valuable resource for evaluating model simulations, as well as complementing
other measurement techniques.

2. In Situ Data Sets and Instrumentation

For this study, 1-Hz aircraft-based observations are obtained from the NSF G-V research aircraft. A compre-
hensive data set is developed based on quality-controlled measurements from seven NSF flight campaigns
listed in chronological order: (1) the Stratosphere-Troposphere Analyses of Regional Transport 2008 cam-
paign (Pan et al., 2010), (2) the High-Performance Instrumented Airborne Platform for Environmental
Research Pole-to-Pole Observations (HIPPO) global campaign (Wofsy et al., 2011), (3) PRE-Depression
Investigation of Cloud-systems in the Tropics (Montgomery et al., 2012), (4) Tropical Ocean tRoposphere
Exchange of Reactive Halogen Species and Oxygenated VOC (Volkamer et al., 2015), (5) Deep Convective
Clouds and Chemistry project (Barth et al, 2015), (6) CONvective TRansport of Active Species in the
Tropics (Pan et al., 2017), and (7) the O,/N; Ratio and CO, Airborne Southern Ocean Study (Stephens

PATNAUDE AND DIAO

20f12



As~1] .
AV Geophysical Research Letters 10.1029/2019GL0O86550

ADVANCING EARTH
AND SPACE SCIENCE

etal., 2018). Due to the lack of ice particle measurements in HIPPO deployment #1, only HIPPO deployments
#2-5 are included. Our data set provides a total of ~1,000 flight hours from April 2008
(Stratosphere-Troposphere Analyses of Regional Transport 2008) to February 2016 (O./N, Ratio and CO,
Airborne Southern Ocean Study), including 84 and 423 hr of in-cloud and clear-sky conditions at temperatures
<—40°C, respectively. These campaigns provide an extensive spatial coverage from 87°N to 75°S and 128°E to
38°W, from the surface to the upper troposphere and lower stratosphere. The flight tracks for all seven flight
campaigns used in this study are shown in Figure 1a. In-cloud frequency distributions of temperature and
vertical velocity for each campaign at temperatures <-40 °C are shown in Figures 1b and 1c, respectively.

Temperature measurements were collected by the Rosemount temperature probe with an accuracy and
precision of ~+0.3 and 0.01 K, respectively. For this study, observations are restricted to temperature
<—40 °C to eliminate the presence of supercooled liquid water droplets. Water vapor measurements
are from the Vertical Cavity Surface Emitting Laser hygrometer (Zondlo et al., 2010), measuring at
25 Hz with an accuracy and precision of ~6% and <1%, respectively. Temperature and water vapor are
used at 1 Hz for this analysis. Relative humidity is derived from temperature and water vapor measure-
ments with a combined uncertainty of 6.9% to 7.8% from —40 °C to —78 °C, respectively. RHi is calcu-
lated from water vapor mixing ratio, pressure, and temperature, following the equation of saturation
vapor pressure with respect to ice in Murphy and Koop (2005). The Ultra-High Sensitivity Aerosol
Spectrometer uses 100 logarithmically spaced bins to measure aerosols from 0.06 to 1 pm. Ice particle
measurements for all campaigns were collected using the National Center for Atmospheric Research
Fast Two-Dimensional Cloud Probe (Fast-2DC), and it is the only cloud probe consistently onboard
the G-V aircraft for all seven flight campaigns. The Fast-2DC has a measuring range of 25-1,600 um,
and larger particles can be mathematically reconstructed up to 3,200 um. To alleviate the shattering
effect and optical uncertainties, we exclude ice particles <62.5 pm (omitting the first two bins), while var-
ious cirrus cloud evolution phases can still be observed by using a size cutoff of 100 pm (Diao, Zondlo,
Heymsfield, & Beaton, 2014). For definition of in-cloud conditions, we follow several previous studies
that analyzed the G-V aircraft observations for clear-sky and in-cloud conditions (D'Alessandro et al.,
2017; Diao, Zondlo, et al., 2013; Diao, Zondlo, Heymsfield, Avallone, et al., 2014, 2015, 2017) whereas
in-cloud is considered when the 1-s sample of the Fast-2DC probe detects at least one ice particle (i.e.,
>0 L™, while all the remaining data are considered clear-sky conditions.

3. Individual Impacts of Thermodynamics, Dynamics, and Aerosol
Number Concentrations

Cirrus microphysical properties are examined in relation to four fundamental factors: temperature, RHi, ver-
tical velocity (w), and Na for in-cloud conditions (Figure 2). The average IWC increases with increasing tem-
perature, consistent with previous observational studies (Heymsfield et al., 2013; Schiller et al., 2008). The
IWC-T space has also been used in Krdmer et al. (2016) to classify two general types of cirrus—in situ origin
and liquid origin cirrus. The average Ni does not show a clear trend with temperature. At —70 °C to —60 °C,
the average and standard deviation of number-weighted mean diameter (Di) are 100 and ~100 pm, respec-
tively, which are smaller than those at —50 °C to —40 °C (i.e., 200 and ~200 pm, respectively). The larger par-
ticles at warmer temperature are likely affected by several factors, such as heterogeneous nucleation that
produces fewer yet larger ice particles, higher ice particle growth rate at higher water vapor partial pressure,
and sedimentation of ice particles from above.

The relationships between ice microphysical properties and RHi are further examined (Figures 2d-2f). A key
step to isolate temperature effect is to define a delta value, such as dRHi, which is the deviation of each 1-s
RHi datum from the average RHi within each 1 °C bin from —40 °C to —70 °C (equation (1a)). Similarly,
dlog,o(IWC), dlog;,(Ni), dlog;4(Di), dlog;o(Nasg,), and dlog;4(Na, ) are defined as the differences between
each 1-s datum and their respective 1 °C bin average equations (1c)-(1g)).

dRHi = RHir — RHir (1a)
dw = wr — Wt (1b)
dlogyo(IWC) = log,o(IWC) — log,o(IWC) 1 (1c)
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Figure 1. (a) Aircraft flight tracks of seven flight campaigns. Number of samples for (b) temperature and (c) vertical
velocity at in-cloud conditions <—40 9C , with colors corresponding to various flight campaigns.

dlogyo(Ni) = log,o(Ni)y — logio(Ni)r

dlog, (Di) = log,y(Di) . — log,(Di)

dlog,o(Naseo) = log,o(Nasoo)r — 10g1o(Naseo)r

dlog,o(Naigo) = 10g,o(N@ioo) — 10g10(Naigo)r

(1d)
(1e)
(af)

(1g)

Here the temperature effect is mitigated by subtracting the temperature-based averages. All delta values and
correlation analyses are restricted to in-cloud conditions.

The majority of the higher IWC and Ni values (i.e., dlog,,(IWC) > 0 and dlog;,(Ni) > 0, respectively) are
associated with higher RHi values (dRHi > 0). When average IWC, Ni, and Di reach maximum, dRHi is
at 10%, 10%, and 30%-40%, respectively. Here dRHi has a similar magnitude to ISS because the average
in-cloud condition is around ice saturation. The fact that the maximum IWC, Ni, and Di do not occur at
the highest RHi is mostly likely due to formation and growth of ice particles at the expense of excess water
vapor over ice saturation. From ice supersaturated to subsaturated conditions, the average IWC and Ni
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decrease 10-30 times. The increase of Di at dryer conditions (i.e., from —20% to —70% dRHi) is most likely
confributed by large ice particles sedimenting into subsaturated layers, which was also observed in a pre-
vious analysis of cirrus cloud evolution phases (Diao, Zondlo, et al., 2013). The large variabilities of IWC,
Ni, and Di at various RHi have an important implication; that is, if aerosol indirect effects were examined
without accounting for the RHi effect, the results would vary significantly depending on the RHi conditions
being sampled.

Similarly, the effect of vertical velocity (w) is examined (Figures 2g-2i). The maximum and minimum IWC,
Ni, and Di occur at higher updrafts (dw > 3 m/s) and weak downdrafts (dw = —0.5 m/s), respectively. The
higher IWC, Ni, and Di in updrafts and downdrafts are likely due to the increasing ISS frequency in updrafts
and the proximity between updrafts and downdrafts, respectively (D'Alessandro et al., 2017). Comparing the
thermodynamic effect (RHi) and dynamic effect (w), the average IWC and Ni increase 1 order of magnitude
when dRHi increases from —15% to 10%, comparable to the effect of dw increasing from 0 to 1 m/s.

Lastly, the correlations between cirrus microphysical properties and aerosol concentrations >500 nm
(Nasg) and >100 nm (Na, o) are examined (Figure 2, last two rows). IWC, Ni, and Di are positively corre-
lated with Nasgg, particularly when Nasg is relatively higher than the average condition (ie.,
dlog;o(Nasgg) > 0.5). Similar positive correlations are also seen with respect to Naog, but only when Najgq
is 10 times higher than its average value (i.e., dlog;o(Najg) > 1). The Nasgy, values are generally considered
a good indicator of the number concentrations of ice nuclei facilitating heterogeneous nucleation, although
those observations were limited to warmer than —36 °C (DeMott et al., 2010). The Na,, values are domi-
nated by smaller aerosols, which more likely contribute to homogeneous nucleation. The fact that both
Nasgp and Nay g affect IWC, Ni, and Di suggest that the aerosol indirect effects in the atmosphere are effec-
tive in both pathways—heterogeneous and homogeneous nucleation. Minimizing the impacts of tempera-
ture by using the delta values is found to be an important step for analyzing aerosol indirect effects. When
directly analyzing IWC, Ni, and Di (instead of their delta values) in relation to Nasy, and Naj o, the positive
correlations still exist but show more variabilities (Figure S1).

4. Aerosol Indirect Effects on Cirrus Clouds Under Controlled Thermodynamic
and Dynamical Conditions

Aerosol indirect effects are further quantified for various ranges of temperature, dRHi, and dw (Figure 3).
Specifically, geometric means of IWC, Ni, and Di in each Na bin are calculated and their linear regressions
with respect to Nasyy and Najq are quantified (Table 1). Using the average ice microphysical properties
inside each Na bin ensures that equal weight is assigned for each Na bin, regardless of the distribution of
Na (Figure 3, last column).

Linear regressions of IWC, Ni, and Di with respect to Nasn, show higher positive slopes of 0.743, 0.294, and
0.123 at warmer temperatures, while the slopes at colder temperatures are lower, that is, 0.453, 0.177, and
0.07, respectively. However, this trend is reversed for correlations with Na, o,, where the highest slopes occur
at the coldest temperature range. The positive correlations of IWC, Ni, and Di with respect to Nasgo and
Najpy are more pronounced when Na is higher, specifically when dlogio(Nasey) > 0.5 and
dlog;o(Najge) > 1. A sensitivity test shows similar temperature effects on slope values regardless of restrict-
ing linear fits to higher Na (Figure S2). These results indicate that temperature affects the role of various
aerosols in cirrus formation, with larger aerosols being more effective at warmer temperatures (possibly
via heterogeneous nucleation) and smaller aerosols being more effective at colder temperatures (possibly
via homogeneous nucleation). For the entire range of Na, dlog; o(IWC) increases by a factor of 2.8-5.5 and
2.5-4.8 with a tenfold increase of dlog;,(Nasy) and dlog; o(Na, ), respectively (Table 1). At much higher
Na, IWC increases by a factor of 10 (100) compared with temperature-based averages as Nasny (Najgo)
increases from 10 to 100 times higher than its average conditions. The smaller increase of IWC with respect
to Nasg is consistent with heterogeneous nucleation, since only a small fraction of the total Na population
can be activated as ice nuclei (Rogers et al., 1998), depending on aerosol composition and morphology, etc.
The larger increase in IWC with respect to smaller aerosols is consistent with homogeneous nucleation
which freezes a larger fraction of the aerosol population compared with heterogeneous nucleation (Koop
et al., 2000).
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For the effect of dRHi, the subsaturated condition of dRHi < —10% shows the lowest intercepts for IWC and
Ni regressions, suggesting that the average IWC and Ni are smaller by a factor of 2-10 likely due to sublima-
tion. The aerosol indirect effect of small aerosols is more sensitive to dRHi (i.e., higher slopes at higher dRHi)
than large aerosols, possibly due to a higher RHi threshold required for homogeneous nucleation.

Lastly, the correlations of IWC, Ni, and Di with respect to Naso and Na; g are investigated under various
ranges of dw (Figures 3 i-31 and 3u-3x, respectively). Higher intercepts for IWC, Ni, and Di are seen
associated with higher dw, indicating higher values in strong updrafts than downdrafts or weak updrafts
by a factor 0f 6.2 - 16.5, 3.7 - 4.7, and 1.2 - 1.4, respectively. The slope values of [IWC, Ni, and Di with respect
to Nasoo decrease with increasing dw, indicating that under higher updrafts the aerosol indirect effect of
large aerosols is reduced. Such dampening effect from higher updrafts is slightly weaker on the aerosol indir-
ect effect of smaller aerosols. From downdrafts to updrafts, the slopes of Ni-Nasq, decrease most signifi-
cantly from 0.345 to 0.066, while its counterpart of Ni-Na,,, only decreases from 0.368 to 0.247. The large
dampening effect on the aerosol indirect effect from larger aerosols indicates that when sufficient cooling
is available in updrafts, homogeneous nucleation becomes more viable and plays a more dominant role than
heterogeneous nucleation. The decreasing slopes of Di-Nasg and Di-Najo with increasing dw is consistent
with a previous satellite-based analysis, which showed that impacts of aerosol loading on r, are modulated
by water vapor amount (Zhao et al., 2018).

5. Conclusions and Implications on Numerical Simulations

In this study, the relationships of cloud microphysical properties with respect to thermodynamics, dynamics,
and aerosol sizes and concentrations are investigated using a composite in situ observation data set. The
observations are based on seven flight campaigns, including samples over the Pacific Ocean, North and
South America, the Southern Ocean, and the Caribbean. Using 1-Hz aircraft observations (~230-m horizon-
tal resolution), we employ a new method to isolate specific thermodynamic and dynamical effects, prior to
quantifications of aerosol indirect effects on ice microphysical properties.

Regarding thermodynamic and dynamical effects, the maximum IWC is found to be associated with warmer
temperature (—40 °C), RHi slightly above ice saturation (10% dRHi), and strong updrafts (dw > 3 m/s). The
impacts on Ni and Di are similar to those seen in IWC, except that Ni is less sensitive to temperature, and the
maximum Di occurs at higher RHi (30% dRHi). These findings are consistent with studies that only analyzed
one of these factors, such as Schiller et al. (2008) (temperature effect in their Figure 2), Diao, Zondlo, et al.
(2013) (RHi effect in their Figure 3), and D'Alessandro et al. (2017) (w effect in their Figures 9 and 10). Our
results demonstrate the necessity of controlling temperature, RHi, and w before investigating aerosol indir-
ect effects, since these factors could either obscure or amplify the signal of aerosol indirect effects. Such
approach takes advantages of synchronized, fast, and accurate in situ measurements, which often can be dif-
ficult to achieve by satellite observations due to uncertainties in retrievals (e.g., Diao, Jumbam, et al., 2013).

For aerosol indirect effects, we found nonmonotonic correlations of IWC, Ni, and Di with respect to Nasg,
and Na,q,. That is, when Na is relatively lower, IWC, Ni, and Di are relatively constant or even slightly
decrease with Na; when Na is relatively higher (i.e., dlogio(Nasgo) > 0.5 or dlogo(Najg) > 1), IWC, Ni,
and Di increase with Na. Although the higher Na is a relatively small fraction of the total aerosol population,
they were found at various geographical locations (Figure S3). The slight decrease of Ni and IWC atlower Na
(ie., anti-Twomey effect) is likely caused by competition between homogeneous and heterogeneous
nucleation as shown in simulations (e.g., Spichtinger & Cziczo, 2010; Spichtinger & Gierens, 2009). This
feature is more pronounced for nucleation phase (RHi > 120%; Figures S4 and S5). The robustness of the
nonmonotonic correlations is further confirmed by several sensitivity tests, including comparing nucleation
phase (RHi > 120%) with other cirrus evolution phases (lower RHi; Figures S4 and S5), comparing various
latitudes (tropics versus higher latitudes; Figures S6 and S7), and analyzing impacts of coarser-scale Na (i.e.,
averaging Na; oo and Nasg by every 100 s into ~23-km horizontal scale; Figures S4 and S8).

The linear regression slopes of dlog;o(Ni) with respect to dlog;o(Nasgo) and dlog; o(Najeo) at various tempera-
tures are 0.18-0.33 and 0.23-0.43, respectively (Table 1). That is, with a tenfold increase of Nasoy and Na; gg,
Ni increases by a factor of 1.5-2.1 and 1.7-2.7 compared with temperature-based averages, respectively.
These slopes are slightly lower than observations of ice particles <15 pum at Na < 100 cm™? (slope of 0.58;
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Seifert et al,, 2004), and slightly higher than previous simulations that only considered homogeneous
nucleation (slopes of 0.1-0.3; Kiircher & Lohmann, 2002; Kay & Wood, 2008; Liu & Shi, 2018). The increase
of Ni and Di differs from anticorrelated Ni and Di in a single nucleation event with constant total water
content. Such feature is corroborated by cirrus evolution observations (Diao, Zondlo, et al., 2013, 2014b)
and simulations with continuous cooling or uplifting (Diao et al., 2017; Spichtinger & Gierens, 2009).

The role of heterogeneous and homogeneous nucleation can be speculated based on the strengths of aerosol
indirect effects from larger and smaller aerosols, respectively. The effect of larger (smaller) aerosols is
stronger at warmer (colder) temperature, lower (higher) RHi, and smaller (higher) w, indicating that
heterogeneous nucleation is more effective when the ambient conditions do not exceed the thresholds of
homogeneous nucleation. Without measurements of INP and small ice particles (<62.5 pm) for tempera-
tures <—40 °C in the data set analyzed here, more investigation is warranted using other field campaigns
and instrumentations. Overall, this study can be used as a blueprint for future studies to improve model
parameterizations based on the observed relationships of ice microphysical properties with respect to
temperature, RHi, w, and aerosol concentrations.
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