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Abstract: The correlation between aerosol particulate matter with aerodynamic diameter ≤2.5 µm
(PM2.5 ) and cloud base height (CBH) of low clouds (CBH lower than 1.5 km a.g.l.) at Baltimore and
New York, United States, for an 8 year period (2007–2014) was investigated using information from
the Automated Surface Observing System (ASOS) observations and collocated U.S. Environmental
Protection Agency (EPA) observations. The lifting condensation level (LCL) heights were calculated
and compared with the CBH. The monthly average observations show that PM2.5 decreases from
2007 to 2014 while there is no significant trend found for CBH and LCL. The variability of the LCL
height agrees well with CBH but LCL height is systematically lower than CBH (~180 m lower). There
was a significant negative correlation found between CBH–LCL and PM2.5 . All of the cloud cases
were separated into polluted and clean conditions based on the distribution of PM2.5 values. The
distributions of CBH–LCL in the two groups show more cloud cases with smaller CBH–LCL in
polluted conditions than in clean conditions.
Keywords: aerosol; cloud; cloud-base height; aerosol-cloud interaction; PM2.5

1. Introduction
The radiative forcing from aerosol–cloud interaction (RFACI) has been recognized as one of the
greatest uncertainties in global climate models (GCMs) according to an IPCC report [1]. As aerosols
can serve as cloud condensation nuclei (CCN), an increase in aerosol concentration was found to
increase cloud droplet concentrations and decrease the size of cloud droplets with the same amount of
liquid water content, increasing cloud optical depth (COD) [2]. The smaller cloud droplets suppress
precipitation and enhance cloud lasting time and cover [3]. On the other hand, the absorbing aerosols
may heat the air, reduce relative humidity, and increase evaporation. These cloud properties will
influence the calculation of radiation balance and atmosphere heating rate, which play key roles in
global climate models. Convincing evidence of RFACI has been shown in several previous studies
through analysis of space- [4–8] and ground-based observations [4–15]. Most of them focused on the
aerosols’ effects on cloud droplet number concentration, effective radius (RE), cloud optical depth
(COD), and liquid water content (LWC).
Clouds cool the Earth by reflecting solar radiation and warm the Earth by absorbing thermal infrared
radiation and reemitting it back to surface and space. Cloud fraction and height (base and top) influence
the cloud radiative effect and are crucial for weather forecasting [16,17]. Moreover, cloud base height
(CBH) is important for aviation control [18–20]. A cloud’s vertical structure is sensitive and intimately
related to atmospheric thermodynamics and meteorological conditions, but several studies have found
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that aerosol loading can impact cloud top height (CTH) although the influences of aerosols on the cloud
vertical structure are complex [21,22]. A positive relationship between CTH and aerosol optical depth
(AOD) was found in several different regions by Koren et al. [23–25] using satellite-based observations. In
the study by Li et al. [14], a strong aerosol invigoration effect on convection in summer was observed,
leading to higher CTHs for mixed-phase clouds with low bases with higher concentration of condensation
nuclei (CCN). That work was based on long-term observations at the U.S. Department of Energy’s
Atmospheric Radiation Measurements (ARM) Southern Great Plains (SGP) site.
Compared with those on CTH, investigations of aerosol impact on cloud base height (CBH) are
few. Passive satellite visible and thermal infrared sensors have the advantage of observing CTH over
a large area but it is difficult for them to penetrate clouds to get CBH observations. Therefore, most
observations of CBH use ground-based sensors or radiosonde [26–31]. In the study by Li et al. [14],
there was no significant relationship between CBH and condensation nuclei concentration found based
on the multiple years of observations at the ARM SGP site. On the other hand, Li [32] found that under
polluted conditions, the cloud effective radius is smaller and the CBH tends to be lower and closer to
the lifting condensation level (LCL); this finding was based on five summers of measurements of cloud
properties and aerosol particulate matter with aerodynamic diameter ≤2.5 m (PM2.5 ) at the Howard
University Beltsville Campus (HUBC) site. Both works used CBH observations from laser ceilometers.
The ceilometer has been broadly used at National Oceanic and Atmospheric Administration (NOAA)
National Weather Service (NWS) Automated Surface Observing System (ASOS) stations and become
one of the most common sources of CBH in the United States.
In this study, the impacts of aerosol loading on CBH are investigated by using 8 years of
observations of cloud properties and meteorological conditions from the NWS ASOS stations at
Baltimore and New York, United States, and the collocated aerosol observations from the U.S.
Environmental Protection Agency (EPA). The data are described in Section 2 and the results and
discussions are presented in Section 3, followed by conclusions in Section 4.
2. Data
Integrated surface data provides a long-term record of hourly, subhourly, and synoptic weather
observations from station networks over a large area [33]. These datasets resulted from full integration
of numerous historical dataset sources and networks into one standard format which facilitates the
processing of these data through one system that is network independent with standard quality
assurance and quality control (QA/QC) [34]. It also helps move towards fully automated QA/QC
processing for weather data and reduces processing times for final QC digital data and byproducts [34].
In this study, we investigate the aerosol impacts on CBH based on 8 years (from 2007 to 2014) of
observations at two ASOS stations: one is at Baltimore–Washington International Airport, Baltimore,
Unites States (BWI, 39.173◦ N and 76.684◦ W), and the other one is at LaGuardia International Airport,
New York, United States (LGA, 40.779◦ N and 73.88◦ W). As a large surface observation network,
the ASOS utilizes standard commercial laser ceilometers (CT12K or CL31; Vaisala Inc., Woburn, MA,
USA) to observe the sky condition, such as whether the sky is clear or cloudy, and both cloud base
height up to approximately 3600 m and cloud amount when the sky is cloudy. A laser ceilometer sends
laser pulses vertically upward toward the sky and determines whether the return signals are from
cloud bases based on the value of the return signals. Since the speed of light and the time elapsed
for the signal from its launch to its return backscattered signal are known, cloud base height can be
obtained from the ceilometer. Although the Vaisala ceilometers can provide CBH measurements from
an altitude of 0 m [35], only cloud cases with CBH larger than 0.1 km are used in this study to avoid
the possible overlap issue.
The LCL is formally defined as the height at which the relative humidity of an air parcel will
reach 100% when it is cooled by dry adiabatic lifting and has long been used to estimate boundary
layer cloud heights. The simultaneous observations of meteorological conditions such as surface
temperature, pressure, and dew point temperature data are used to derive the LCL, which is typically
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calculated assuming a well-mixed boundary layer that has a dry adiabatic temperature profile and a
moisture profile with a constant mixing ratio [36].
In this study, the observations of PM2.5 are used in place of aerosol loading below clouds; this
is because the retrieval of AOD is not available from any passive sensor when clouds exist due
to the stronger scattering of clouds on solar radiation. The collocated hourly PM2.5 data for the
two ASOS stations (BWI, LGA) are the PM2.5 mass concentration measurements from EPA Federal
Reference Method (FRM) or Federal Equivalent Method (FEM) instruments [37] at the nearest EPA
sites (https://www.epa.gov/aqs) which are within 5 km and 2 km from BWI and LGA, respectively.
The cloud cases used in this study passed a rigorous threshold to ensure interaction between
clouds and aerosols near the surface. CBH indicates the likelihood of interaction between clouds
and aerosols near the surface. Li et al. [14] showed that the response of the cloud vertical structure
to the aerosols measured near the ground was the most significant for low-base clouds (cloud base
height <1 km) and disappeared entirely for cloud base height greater than 2 km based on the aerosol
and cloud measurements at the Atmospheric Radiation Measurement (ARM) Southern Great Plains
(SGP) site. That is because low-base clouds have a higher likelihood of interaction with surface aerosols.
Given the stable atmosphere and lower boundary layer heights, the well-mixed aerosol layer is usually
shallower at nighttime. Therefore, in this study, only daytime (from 7 a.m. to 7 p.m. local time)
clouds with CBH lower than 1.5 km and with difference between CBH and LCL within 0.5 km were
investigated. The constraint of the difference between CBH and LCL was used to further increase the
likelihood of boundary layer clouds which interact with low-level aerosols. Precipitation and fog may
attenuate the ceilometer signals [35] and clean surface aerosols. The cloud cases with precipitation, fog,
CBH lower than 0.1 km, and surface relative humidity larger than 95% are excluded by considering
the possible ceilometer signal uncertainties close to the ceilometer transmitter. The monthly average
and anomalies of the measurements are calculated from the hourly average measurements. The
monthly anomalies are calculated by subtracting the mean value of the monthly average for each
month (also called “monthly climatology”) from the monthly average. To find the long-term trend,
monthly anomalies are used in the time series analysis below.
3. Results and Discussion
A continuous decrease of PM2.5 from 2007 to 2014 at Baltimore, United States was found based on
the monthly anomalies of PM2.5 observations calculated from the EPA hourly average PM2.5 (Figure 1).
A long-term decrease of aerosol loading in the recent decade was also found at other places in the
United States in previous studies using different aerosol observations—AOD, PM10 , or PM2.5 [15,32,38].
Different from aerosols, there is no trend found for the CBH and LCL monthly anomalies from 2007 to
2014 (Figure 2a,b). Although LCL is thought to be a good approximation of CBH, the heights of LCLs
calculated by using surface-based parcels are systematically lower than CBHs measured by ceilometer
(Figure 2c). One of the explanations for this is that the mean layer parcel is likely more representative
of the actual parcel associated with cloud development than the surface parcel [39]. Another possible
explanation is that clouds typically do not form until the relative humidity is somewhat above 100%
since the actual condensation level depends on the availability of condensation nuclei.
With the dry, adiabatically rising assumption, the temperature, pressure, and moisture content
of the air parcel determine the LCL and the CBH. To investigate the potential effects of aerosols in
addition to temperature, pressure, and moisture content on CBHs, the difference between CBH and
LCL (CBH–LCL) was analyzed. The monthly anomalies of CBH–LCL illustrate a slight increasing
trend of CBH–LCL from 2007 to 2014 by inspection (Figure 3a), but this trend does not pass the F-test
at 95% level while the PM2.5 trend is significant (Figure 1). To distinguish the relationship between
PM2.5 and CBH–LCL, the relationship of monthly anomalies of PM2.5 and CBH–LCL is illustrated in
Figure 3b. The significant negative relationship between monthly PM2.5 and CBH–LCL (R = −0.42,
passes the F-test at 95% level) implies that an increase in aerosols may decrease the actual CBH while
the LCL is fixed.
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Figure 1. Eight years of monthly anomalies in aerosol particulate matter with aerodynamic diameter
≤2.5 µm (PM2.5 ) at Baltimore–Washington International Airport (BWI) station. The red line shows the
linear regression.

Figure 2. Monthly anomalies of (a) cloud base height (CBH); (b) lifting condensation level (LCL); and
(c) monthly average cloud base height and lifting condensation level at BWI station.

Figure 3. (a) Monthly CBH–LCL anomalies and (b) the relationship between CBH–LCL and PM2.5 at
BWI station.

To further investigate the impacts of aerosols on CBH, all the cloud cases were segregated into
two groups based on the National Ambient Air Quality Standards [40] and the observed PM2.5
concentrations under clouds for all available cloud cases (Figure 4).
The first group is defined for cloudy cases in clean aerosol conditions, for which the PM2.5
value is smaller than 10 µg/m3 and larger than 5 µg/m3 . The second group is defined for cloud
cases in polluted conditions, for which the PM2.5 value is larger than 20 µg/m3 . The distributions
of CBH and LCL under polluted and clean conditions are illustrated in Figure 5. It is shown that
there are more cloud cases with lower CBH and LCL in polluted conditions than there are in clean
conditions. The similarity of the distributions of CBH and LCL agrees with the cloud formation
theory: cloud condensation determines the CBH and the height of LCL is related to atmospheric
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thermodynamic conditions, e.g., temperature and humidity profiles. The lower CBH and LCL under
polluted conditions implies that clouds are less able to form with low surface relative humidity in
polluted conditions than in clean conditions. The increased nuclei will increase the competition for
liquid water, so large liquid droplets will be less able to form under limited water conditions (15).
In other words, the formation of cloud under polluted conditions requires higher moisture content
below, which is accompanied by lower LCL and CBH. Moreover, the distribution of the CBH–LCL
shows that there are more cloud cases with smaller CBH–LCL value (−0.1 km to 0.1 km) but less cloud
cases with larger CBH–LCL value (larger than 0.1 km) in polluted conditions compared with in clean
conditions (Figure 5c). Given that the height of LCL can be considered as CBH based on atmospheric
thermodynamics for boundary layer clouds, the relationship between PM2.5 and CBH–LCL implies
that the actual CBH could be impacted by aerosol loading.

Figure 4. Distribution of hourly average PM2.5 below clouds at BWI station.

Figure 5. Distributions of (a) cloud base height; (b) lifting condensation level; and (c) the difference
between cloud base height and lifting condensation level CBH–LCL at BWI station under clean and
polluted aerosol conditions. The number in the parentheses is the number of cloud cases. The
light-green color shows overlap in the relative frequencies of the two conditions.

The results shown above are based on 8 years of hourly measurements at the ASOS BWI station
with collocated PM2.5 measurements from EPA. They agree with results from the studies by Li et
al. [15,32] which were based on 5 years (from 2006 to 2010) of summer measurements at the Howard
University Beltsville Campus (HUBC) site. The HUBC site is located at a rural–suburban transition
region between Washington, DC and Baltimore, MD urban centers and is around 30 m away from
the ASOS BWI station. To investigate whether this phenomenon only occurs at this specific region,
the analysis was also conducted on 8 years (from 2007 to 2014) of observations from the ASOS LGA
station located in New York, United States, around 300 miles to the northeast of the ASOS BWI station.
As a big city, New York is impacted more by anthropogenic activities, which makes it suitable for
an investigation of aerosol impact on CBH. The monthly anomalies of PM2.5 also show a significant
decreasing trend from year 2007 to 2014 (Figure 6a) while the monthly anomalies of CBH–LCL show
a slightly increasing trend (Figure 6b). Similar to the results found at the BWI station, there is no

Atmosphere 2018, 9, 143

6 of 9

trend found for CBH and LCL during the years studied (Figure 7), but the relationship between
monthly anomalies of PM2.5 and CBH–LCL shows a significant negative relationship with R = −0.29
(Figure 8a). Moreover, the distributions of CBH, LCL, and CBH–LCL illustrate that all the CBH,
LCL, and (CBH–LCL) values tend to be smaller under polluted conditions compared with under
clean conditions (Figure 8b–d). The statistical study at the ASOS LGA station further supports our
hypothesis that increasing aerosol loading may decrease the CBH.

Figure 6. Monthly anomalies of (a) PM2.5 and (b) CBH–LCL at LaGuardia International Airport
(LGA) station.

Figure 7. Monthly anomalies of (a) cloud base height and (b) lifting condensation level at LGA station.

Figure 8. (a) The relationship between CBL–LCL and PM2.5 ; (b) distribution of cloud base height;
(c) distribution of lifting condensation level; and (d) distribution of CBH–LCL. The number in the
parentheses in (b–d) is the number of cloud cases. The light-green color shows overlap in the relative
frequencies for the clean and polluted aerosol conditions.
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From a different angle, this study investigates the potential impact of aerosols on CBH based
on long-term observation of CBH, surface meteorological conditions, and aerosol loading at two
different regions.
4. Conclusions
This study statistically analyzed the relationship between aerosol loading and CBH based on
8 years of observations of CBH, aerosols, and surface meteorological conditions at ASOS BWI station
and LGA station. A significant decrease of PM2.5 from 2007 to 2014 was found at both stations, while
neither an increasing nor decreasing trend was found for CBH or LCL. The variation in monthly
average LCL is highly consistent with the variation in monthly average CBH. That can be explained
by cloud formation theory, in which cloud condensation determines the CBH. Meanwhile, CBH
was found to be systematically higher than LCL. Since the actual condensation level depends on
the availability of condensation nuclei, clouds typically do not form until the relative humidity is
somewhat above 100%, which determines LCL. To investigate aerosol impact on the actual CBH
with the same LCL, the relationship between the monthly anomalies of PM2.5 and CBH–LCL was
analyzed. A significant negative relationship was found between PM2.5 and CBH–LCL. In addition,
when cloud cases are separated into two groups—polluted and clean aerosol conditions—based on the
total of 8 years of hourly averaged PM2.5 concentrations, more cloud cases were found with smaller
CBH–LCL under polluted conditions than under clean conditions. That indicates that under the same
atmospheric thermodynamic conditions, CBH tends to be lower under polluted conditions than under
clean conditions. This phenomenon was found at both the ASOS BWI station and the LGA station.
In conclusion, this study shows the possible impacts of aerosols on CBH. An increase in aerosols
may decrease the CBH under the same atmospheric thermodynamic conditions. Abundant cloud
nuclei with sufficient water supplies could facilitate the formation of clouds at lower altitudes.
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