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Abstract

Seven years of autumnal ground‐based observations (September–November 
2002–2008) at the U.S. Department of Energy Atmospheric Radiation 
Measurement North Slope of Alaska site have been analyzed for addressing 
the occurrence frequency and macrophysical and microphysical properties of
Arctic mixed‐phase clouds (AMC), as well as the relationship between 
environmental parameters and AMC properties. In September and October, 
AMC occurrence frequency is 20–30% lower during a southerly wind when 
compared to the other wind directions; in November, the variation of AMC 
occurrence frequency with wind direction is small. The mean liquid water 
path in November is about half of that in October and September. When the 
surface is snow free, temperature (T) and specific humidity (q) profiles 
during a northerly wind are warmer and moister than those for the southerly 
wind. Northerly wind profiles have a higher relative humidity to ice (RHi) and 
lower atmosphere stability. Furthermore, the AMC occurrence frequency has 
a positive relationship with RHi and a negative relationship with stability. 
These two points may explain the lower AMC occurrence frequency during a 
southerly wind. During a northerly wind, AMCs have larger radar reflectivity, 
wider spectrum width, and larger Doppler velocity signatures. The stronger 
precipitation for AMC during a northerly wind is possibly due to the cleaner 
air masses from the ocean (north). With the same amount of q, the radar 
spectrum width has a higher frequency in the larger bins during a northerly 
wind. Both T, q, and radar reflectivity, radar spectrum width profiles show 
evidence of deposition in the sub‐cloud layer in September and October.

1 Introduction

Model simulations and observations show that the Arctic is one of the most 
sensitive regions with respect to global climate change (Cohen et al., 2014; 
Holland & Bitz, 2003; Johannessen et al., 2004; Najafi et al., 2015; Schuur et 
al., 2015; Serreze et al., 2009). Clouds, especially liquid‐containing clouds, 
are the main modulator of surface and top of atmosphere radiation. Their net
radiative forcing over the Arctic is ~20 to 30 W/m2 in winter season and ~ 
−30 to −20 W/m2 in summer season (Dong et al., 2010; Shupe & Intrieri, 
2004). Furthermore, clouds remain one of the largest uncertainties in our 
understanding of the climate, climate modeling, and prediction. Recent 
studies show that due to the underestimation of the supercooled liquid 
fraction in mixed‐phase clouds in climate models, the equilibrium climate 
sensitivity could change up to 1.3 °C under the doubling of atmosphere CO2 



scenario (Tan et al., 2016). The underestimation of liquid cloud fraction also 
contributes to a 2–3 °C cold bias for surface temperature over the Arctic in 
summer (Kay et al., 2016).

Mixed‐phase clouds are the dominant low‐level cloud type over the Arctic 
with an annual occurrence frequency of ~45% (Qiu et al., 2015; Shupe, 
2011). Furthermore, different from mixed‐phase clouds at lower latitudes, 
Arctic mixed‐phase clouds (AMCs) often occur as a stratiform type and can 
persist for hours to days, and sometimes even weeks (de Boer et al., 2009; 
Dong & Mace, 2003; Qiu et al., 2015; Shupe et al., 2006, 2008; Verlinde et 
al., 2007; Wang et al., 2004). Because of their high frequency of occurrence 
and significant influence on the surface radiation budget, AMCs and their 
maintenance mechanisms have been studied substantially over the past 
several decades, and progresses have been achieved toward our 
understanding of the AMCs. For example, the liquid layer at cloud top 
structure enhances the cloud top radiative cooling, which generates 
turbulence in the cloud and forces direct condensation (Pinto, 1998; Solomon
et al., 2011; Zuidema et al., 2005). The persistent temperature and moisture 
inversions above the mixed‐phase cloud provide moisture through 
entrainment and compensate the moisture loss due to precipitation and 
sedimentation (Qiu et al., 2015; Sedlar et al., 2012; Sedlar & Tjernström, 
2009; Solomon et al., 2011). The lack of aerosols and ice nuclei over the 
Arctic also impedes the ice formation process in mixed‐phase clouds and 
therefore slows down the transformation from a mixed‐phase cloud to an ice 
cloud (Jiang et al., 2001).

In general, AMCs have complex and close interactions with the surrounding 
environment. Through these interactions, AMCs can maintain their self‐
sustaining mechanisms and thus have a longer lifetime than mixed‐phase 
clouds in the midlatitudes (Morrison et al., 2012). Furthermore, the 
dissipation processes that destroy midlatitude stratiform clouds, such as 
precipitation, convective heating from the surface, and absorption of solar 
radiation, are often either nonexistent and/or are relative weak in the Arctic 
(Dong & Mace, 2003). Despite these progresses in understanding AMCs, their
sustaining mechanisms are still poorly understood and are not well simulated
in models (Klein et al., 2009; Morrison et al., 2009; Xie et al., 2013). 
Therefore, it is necessary to investigate AMC‐sustaining mechanisms using 
long‐term ground‐based observations. For instance, to what extent do AMCs 
associate with atmospheric thermodynamic variables and different air 
masses transported from the ocean and land?

In autumn (September to November), the Arctic surface transitions from 
snow free to snow/ice covered at the Atmospheric Radiation Measurement 
North Slope of Alaska Utqiaġvik site. Thus, the site is an ideal location for 
studying how surface conditions influence atmospheric thermodynamic 
properties and thereby influence cloud formation and properties (Curry et al.,
1996). Furthermore, both AMC occurrence frequency and lifetime are highest
and longest in autumn according to ground‐based observations (Shupe, 



2011; Shupe et al., 2011). Qiu et al. (2015) found that the AMC occurrence 
frequency increases with stronger moisture inversions in winter, which 
indicates that moisture inversions may serve as a moisture source for the 
AMC. However, despite the high AMC occurrence frequency in autumn, 
humidity inversions occur less frequently and have the weakest inversion 
intensity (Devasthaleet al., 2011; Nygård et al., 2013; Qiu et al., 2015). 
Therefore, it is imperative to investigate the interactions between AMC and 
thermodynamic variables other than moisture during this transition season. 
Due to the coastal location of the Utqiaġvik site, marine air masses are 
transported by northerly winds, while more continental air masses are 
transported by southerly winds. Therefore, this site provides a unique 
opportunity to study the influence of both surface conditions and different air
masses on thermodynamic variables and on AMC properties.

2 Data and Methodology

In this study, autumnal thermodynamic profiles, as well as mixed‐phase 
cloud properties at the Atmospheric Radiation Measurement (ARM) North 
Slope of Alaska (NSA) site, have been analyzed using a combination of cloud 
radar, lidar, microwave radiometer, and sounding measurements (for 
detailed site information refer to Stokes and Schwartz, 1994, and Stamnes et
al., 1999). Cloud top height is derived from the millimeter wavelength cloud 
radar (Moran et al., 1998), and cloud base heights are derived from the 
micropulse lidar (MPL; Campbell et al., 1998, 2002) and ceilometer 
measurements (Flynn, 2004; Morris, 2012). Since the MPL has shorter 
wavelength and higher emitted power, as well as a less strict definition of 
clouds in their cloud base (Zb) retrieval algorithm, the MPL is more sensitive 
to optically thin ice clouds than the ceilometer (Campbell et al., 1998, 2002; 
Clothiaux et al., 1998; Turner, 1996). In this study, ceilometer and MPL Zb are
from the Active Remote Sensing of Clouds data (Clothiaux et al., 2000), 
where the Zb,ceil is calculated by a built‐in algorithm developed by the 
manufacturer (Flynn, 2004), and the Zb,MPL algorithm is based on Campbell et 
al. (1998) and Clothiaux et al. (1998).

Zb,ceil is frequently used as the liquid layer boundary located at the upper part
of the AMC. That is, the strong backscatter data from the ceilometer and 
MPL, combined with the small depolarization ratio from the MPL, indicate the 
existence of liquid phase droplets in this layer. Qiu et al. (2015) found that 
the MPL‐defined Zb is usually several hundred meters to 1 km lower than the 
ceilometer Zb. In the region between Zb,MPL and Zb,ceil, the backscatter data 
range from 8 to 30 × 10−6/m·sr, the depolarization data fall between a range 
of 0.1–0.5, and the Doppler velocity is often less than 1 m/s (Qiu et al., 
2015). Therefore, this layer between the two cloud bases should be defined 
as ice cloud, in which Zb,MPL defines the lower boundary of the ice layer. Below
Zb,MPL, both ceilometer and MPL backscatter are less than 2 × 10−6/m·sr. 
Therefore, it is defined as the ice virga layer. The large particle size and 
small number concentration of ice virga below Zb,MPL can be detected by 
radar, with reflectivity ranging between −40 and 0 dBZ. But it cannot be 



distinguished by either the ceilometer or the MPL measurements (Qiu et al., 
2015). In this study, we will continue use the Zb,ceil and Zb,MPL to define the 
vertical structure of an AMC, and different physical processes in the different 
layers of an AMC will be further investigated in section 3.3.

Cloud liquid water path (LWP) is retrieved from the microwave radiometer 
(MWR) measured brightness temperatures (Liljegren et al., 2001). 
Atmospheric thermodynamic variables are from the ARM‐merged sounding 
product, which combines radiosonde observations, surface meteorological 
observations, and output from the European Center for Medium‐Range 
Weather Forecast model (Troyan, 2012). All of the instruments and data used
in this study (millimeter wavelength cloud radar, MPL, ceilometer, MWR, 
merged sounding data, etc.) have been widely used to study cloud properties
and atmospheric conditions over the Arctic (Dong & Mace, 2003; Intrieri et 
al., 2002; Sedlar et al., 2012; Sedlar & Shupe, 2014; Sotiropoulou et al., 
2014; Shupe et al., 2006, 2008, 2011; Wang et al., 2004; Zuidema et al., 
2005; Wesslén et al., 2014). This investigation will use the data sets during 
the period from January 2002 to December 2008 given the overlapping 
availability of all data sets.

Since this study primarily focuses on investigating the impacts of different 
surface conditions, air masses, and atmospheric thermal conditions on AMC 
properties, we have selected low‐level AMCs with a cloud top below 3 km. 
The classification of AMCs follows the method in Shupe (2007), which used 
an integrated analysis of MPL depolarization data (Intrieri et al., 2002; 
Sassen, 1991), lidar backscatter data, and MWR‐retrieved cloud LWP. In this 
study, a mixed‐phase cloud is defined as the coexistence of liquid cloud 
droplets and ice particles in the same cloud layer. In addition, this study does
not distinguish between single layer or multilayer clouds, such that if a 
mixed‐phase cloud exists at a time step, this time step is classified as mixed‐
phase cloudy condition.

The surface wind is classified into four 90° sectors (for example, a northerly 
wind is 0° ± 45°). Advection of specific air masses is assessed based upon 
the mean wind direction from the surface to 950 hPa (~500 m). The relative 
frequency distribution (RFD) of the wind direction data is examined, and the 
results demonstrate that wind direction is nearly invariant with height from 
the surface to 3 km in autumn at the ARM NSA site (not shown). That is, 
results and conclusions of this study are nearly the same regardless of level 
at which the wind direction is analyzed (e.g., at the surface, 500‐m level, or 
1,500‐m level).

We also examine the uncertainties of the wind direction data and 
thermodynamic parameters in the merged sounding product by repeating 
results with merged sounding data near the radiosonde launch time ±30 min
only. The RFD of wind directions over height and the RFD of thermodynamic 
profiles during different wind directions do not change between these two 
sample populations (not shown). Therefore, we can conclude that the wind 



direction and the thermodynamic parameters of the merged sounding 
product can represent the wind properties and the AMC thermodynamic 
properties between different wind directions at the Utqiaġvik site.

3 Results

3.1 Cloud Properties

As shown in Figures 1a–1c, an easterly wind is observed to be the most 
common wind direction at Utqiaġvik with a frequency of 50–60% from 
September to November; the other three wind directions occur at 10–20%. 
The monthly mean low‐level AMC occurrence frequencies are 42.1%, 49.9%, 
and 33.8%, respectively, from September to November. Moreover, the AMC 
occurrence frequencies in September and October vary from ~30% when 
there is a southerly wind to ~40–60% for the other three wind directions, 
indicating that the air mass or thermodynamic variables that are being 
advected from the south are significantly different from other directions and 
may not be favorable for AMCs formation and/or sustainment. Due to the 
geographic location of the NSA site, oceanic air masses can come from all 
directions except from the south. In November, as both land and ocean are 
covered by snow/ice, the AMC occurrence frequencies have much smaller 
variations between the four wind directions.



The median cloud top (black lines) and Zb,ceil heights (blue lines) in 
September are 1.01 and 0.47 km, respectively. The median values in 
November are very close to those in September, but the median cloud top 
and cloud base heights in October are about 200–300 m higher than those in
September and November. The mean cloud thickness (the difference 
between radar cloud top and Zb,ceil) is similar between the three months, with 
mean values of 0.54, 0.60, and 0.57 km from September to November, 
respectively. The MPL‐derived cloud bases (red lines) from the three months 
are close to the ground, ranging from 0.21 km in November to 0.29 km in 



October. The ice layer thicknesses, which is defined as the difference 
between ceilometer and MPL cloud bases, as discussed in the previous 
section, are 0.22, 0.41, and 0.27 km from September to November, 
respectively. There are relatively large variations of cloud top heights for 
different wind directions, where the cloud top heights during the northerly 
and westerly winds are generally higher than those during the easterly and 
southerly winds.

AMC LWPs exhibit similar monthly means in September (135.2 g/m2) and 
October (141.5 g/m2) but are significantly lower in November (74.8 g/m2). In 
September, the AMC LWP during a southerly wind is slightly larger than that 
of the northerly wind. However, in October the AMC LWPs are much smaller 
for southerly winds compared to the other wind directions. This is likely due 
to the accumulation of snow on the ground in October, which would prevent 
the interaction of heat and moisture between the land and atmosphere, 
reduce the specific humidity, and further decease cloud LWP (Lin et al., 
2003; Wall et al., 2017). A positive relationship is found between the 
atmospheric specific humidity and cloud LWP in this study (not shown). 
Influence of surface condition on the thermodynamic variables in different 
months will be discussed in the next section. In November, when both the 
ocean and land are ice/snow covered, the AMC LWPs are much lower and 
have a smaller variation between different wind directions.

Considering the distinguishable AMC characteristics in autumn with wind 
directions, in the next section, we attempt to isolate four thermodynamic 
properties responsible for controlling AMC properties and associate them 
with different wind directions.

3.2 Thermodynamic Profiles and Their Relationship With Mixed‐Phase Clouds

The profiles of atmospheric temperature, specific humidity, relative humidity,
and stability (defined by equivalent potential temperature gradient) during 
northerly and southerly winds are plotted in Figures 2-4, for September, 
October, and November, respectively. Based on the geographic location of 
the Utqiaġvik site, easterly/westerly winds occur under the influence from 
either the ocean (e.g., NE/NW wind) or the land (e.g., SE/SW wind). 
Additionally, both the easterly and westerly wind thermodynamic profiles are
similar to those during the northerly wind. Therefore, only northerly and 
southerly wind profiles are shown here to represent the contrast between 
ocean and land air masses. To investigate the interactions between 
thermodynamic properties and the cloud layer, the profiles are normalized 
by cloud base and cloud top heights. As discussed before, both ceilometer 
and MPL‐derived cloud bases are used to better characterize AMC vertical 
structure.







Figure 2 shows that strong temperature and specific humidity inversions 
exist below Zb,MPL in an AMC layer (dashed line, Zn = −0.5), and weak 
inversions also exist below Zb,ceil (Zn = 0.0). This result is different than the 
results determined over northern Alaska, where temperature and moisture 
inversions occur more often above the AMC rather than below it (Curry et al.,
1996; Qiu et al., 2015; Sedlar et al., 2012). It is because results shown here 
are the median values and relative frequency distributions for all sounding 
profiles; if inversions exhibited at different levels relative to the cloud, they 
will be averaged out. Statistics of the inversions on a profile‐by‐profile basis 
would show a different result, as was done in Qiu et al. (2015). The specific 
humidity inversions below the cloud base could be due to the deposition of 
water vapor on the falling ice crystals in the sub‐cloud layer, which would 
cause the specific humidity to decrease. Different processes in different 
parts of the AMC will be discussed in detail in section 3.3.

During a southerly wind, the mixed‐phase cloud conditions are colder and 
drier than all low‐cloud conditions, especially below Zb,MPL (magenta and black
lines in Figures 2e and 2f). Comparing the northerly and southerly wind 
profiles, the maximum frequency of temperature is ~0 °C at the surface 
during a northerly wind and ~ −2 °C during a southerly wind. The difference 
in median value (southerly wind minus northerly wind) is 0.25–1 °C colder 



below the cloud, while it is up to 3 °C warmer inside and above the cloud 
(Figure 2i). Meanwhile, the southerly wind is drier than the northerly wind 
profile in both the maximum frequency and the median value of specific 
humidity. This result agrees with our assumption that air coming from the 
ocean should be moister than from the land. Furthermore, the northerly and 
southerly wind temperature and specific humidity profiles are significantly 
different from each other at 99.9% confidence level.

The relative humidity with respect to ice (RHi) median values increase from 
~85% (82%) at the surface to a maximum of ~100% around the Zb,ceil and 
then deceases to ~90% (84%) at the cloud top for the northerly (southerly) 
wind conditions. On average, the median RHi values are slightly higher for 
the northerly wind conditions, especially within the cloud layer (Figure 2k). 
This vertical profile of the RHi for AMC is similar to the RFD of RHi profiles for 
the coupled Arctic stratocumulus cloud in Sotiropoulou et al. (2014).

Figures 2d and 2h illustrate the equivalent potential temperature (θe) 
gradient profiles. A negative or zero gradient of θe indicates that the layer is 
unstable or well mixed, while a positive gradient represents a more stable 
atmosphere. One benefit of using θe instead of potential temperature (θ) is to
include the latent heat effect on the lifted parcel. This extra heating may 
cause a saturated parcel to be unstable even if θ increases with height. In 
September, AMCs are usually coupled to the surface, with the median d θθe/dz
value around zero below Zb,MPL. Above Zb,MPL, d θθe/dz gradients become 
positive and they increase until the cloud top. There are minor differences in 
the atmospheric stability profiles between northerly and southerly winds in 
September.

The easterly and westerly thermodynamic profiles are similar to that during a
northerly wind (not shown). AMCs are usually coupled to the surface during 
easterly and westerly winds. During an easterly wind, AMCs are slightly 
warmer compared with the other three wind directions, especially at cloud 
top (~2–5 °C warmer), so that the relative humidity to ice is much lower at 
the cloud top (~75%) during an easterly wind. This instant drying of the 
atmosphere at a higher level during an easterly wind is also seen in the RHi 
profile with standard height (not shown), which may explain the lower cloud 
top heights for AMCs during an easterly wind, as shown in Figure 1d.

In October (Figure 3), as the Beaufort Sea is usually relatively open, while the
northern Alaska starts to be covered by snow, the differences of atmospheric
temperature and specific humidity between the northerly and southerly 
winds are larger compared to those in September. When the wind originates 
from the ocean (north), the air mass is more homogeneous and the RFDs of 
temperature and specific humidity are narrower than those from over land 
(south), as shown in Figures 3a, 3b, 3e, and 3f. Similar as in September, the 
northerly wind profiles have higher frequencies in warmer temperature and 
larger specific humidity. Temperature and specific humidity inversions occur 
below the Zb,MPL.



The atmosphere is more saturated during the northerly wind. As 
demonstrated in Figure 3c, both the maximum distribution and the median 
value of RHi are greater than 100% in the cloud layer during the northerly 
wind. During the southerly wind shown in Figure 3g, RHi is close to saturation
in the ice layer, with a range of RHi values from 92 to 98%. Furthermore, the 
maximum frequency of d θθe/dz below Zb,ceil is less than zero with its median 
value close to zero during the northerly wind, so that AMCs are likely coupled
to the surface (Figure 3d). When the wind is coming from the south, the 
maximum frequency of d θθe/dz is close to zero and the median value is larger
than zero, and it increases toward the surface so that the clouds are likely 
decoupled from the surface (Figure 3h).

These differences in the thermodynamic profiles between the southerly and 
northerly wind could partially explain the 20–30% lower occurrence 
frequency of AMCs during the southerly wind compared with the other wind 
directions at the ARM NSA site. The more stable atmosphere below the AMC 
during the southerly wind could also relate to the smaller cloud LWP for AMC 
in southerly winds (Figure 1h). An AMC decoupled from the surface would 
limit its moisture supply and CCN supply. The limited moisture supply would 
reduce cloud LWP. On the other hand, it is also possible that AMCs with lower
LWP would have weaker cloud top radiative cooling, hence less in‐cloud 
turbulence, and decouple the cloud from the surface. The interaction 
between cloud LWP, in‐cloud dynamics, and cloud lifetime warrants further 
investigation.

The easterly and westerly profiles in October are similar to that during a 
northerly wind, with RHi greater than 100% in the cloud layer and clouds 
coupled to the surface (not shown). Different than in September, the easterly
wind profiles in October are ~1 °C colder and ~0.3 g/kg drier than the 
northerly and westerly wind profiles near the surface. This is because the sea
ice concentration over the Beaufort Sea usually increases from the northeast
relative to the ARM NSA site, so that easterly winds bring colder and drier air 
over the sea ice. Similar to September, the easterly wind profiles are 2 to 5 
°C warmer than the other three wind directions in the upper layers. 
Therefore, the RHi profile decreases rapidly toward the cloud top during an 
easterly wind, which results in the lower cloud top heights for AMC during the
easterly wind.

In November (Figure 4), because both the ocean and the land are covered by
snow/ice, the maximum frequency of specific humidity decreases to ~1 g/kg 
for both wind directions, which is much drier than those in September and 
October. Meanwhile, the southerly wind is warmer than the northerly wind 
profile, especially below Zb,MPL. Despite the drier atmosphere in November, its
temperature is also relative low (<−15 °C) in the cloud layer. Both the 
maximum frequency and the median value of RHi are greater than 100% in 
the cloud layer for both northerly and southerly winds. Moreover, the 
atmosphere is more stable in November than in September and October. The



stable and dry atmosphere may explain the lower AMC occurrence frequency
in November.

To further investigate the relation between thermodynamics and cloud 
properties, the AMC occurrence frequency is calculated as a function of 
different thermodynamic parameters, and the regression slopes and the 
correlation (R‐squared) of the linear relationships are shown in Table 1. The 
first three columns are the mean temperature, specific humidity, and RHi at 
500–600‐m level, and the last column is the difference of θe at 500 m and at 
the surface. Based on the RFD of temperature for each month, the 
temperature range of the linear relationship is from −8 to +2, −14 to −4, 
and −24 to −4 °C for September, October, and November, respectively. The 
specific humidity range is from 1–6, 0–5, and 0–2.5 g/kg for September, 
October, and November, respectively. The range of relative humidity with 
respect to ice is 50% to 110%, while the θe difference range is −1 to 4 K for 
all three months.

The 500–600‐m level is used based on the following reasons: (1) the median 
Zb,ceil is at ~500 m for all three months (Figures 1d–1f), (2) the RHi profile 
maximizes near the Zb,ceil, and (3) larger differences in RHi distribution are 
shown near the Zb,ceil between the northerly and southerly wind profiles. A 
sensitivity test using temperature, specific humidity, and RHi values at 
different levels (e.g., every 100‐m layer from the surface to 1,500 m) was 
also performed. Trends do not change with different levels, and the strongest
relationship between these variables and cloud occurrence frequency is 
found at the 500–600‐m layer.

As shown in Table 1 in September and October, AMC occurrence frequency 
negatively correlates to temperature for both northerly and southerly winds. 
The only exception is during a northerly wind in September where AMC 
occurrence frequency has no relationship with temperature. In November, no
direct relationship is found between temperature and cloud occurrence 
frequency. The negative relationship between AMC occurrence frequency 
and temperature is possibly due to the negative correlation between 
temperature and relative humidity, as well as the decrease of ice growth rate
with increasing temperature at a relatively warm range (e.g. −14 to +2 °C). 
This result is consistent with previous findings in that the possibility density 
function of AMC temperature peaks around −15 to −10 °C in autumn (Shupe 



et al., 2006). The slopes between temperature and cloud occurrence 
frequency are around −5.3 to −7.8%/°C, which means that when the 
temperature increases by ~10 °C (Figures 2, 3a, and 3e), the AMC 
occurrence frequency decreases by ~53–78% with R2 ranges from 0.51 to 
0.84.

A negative relationship is found between AMC occurrence frequency and 
specific humidity in September and October. The negative relation between 
AMC occurrence frequency and temperature and specific humidity is 
consistent with previous results, as the mixed‐phase cloud conditions are 
colder and drier than all low‐cloud conditions in September and October 
(Figures 2 and 3). The slopes between specific humidity and AMC occurrence
frequency are −7.2 to −30.6%/(g/kg), and the R2 are from 0.45 to 0.79. 
Furthermore, this negative relationship is found for specific humidity at any 
level from the surface to 1,500 m, but the slopes are more negative for 
specific humidity at lower levels (results not shown). In November, a positive 
relationship exists between AMC occurrence frequency and specific humidity 
during the northerly wind.

When the surface wind is coming from the south, the AMC occurrence 
frequency increases with higher RHi values from September to November. 
The slopes are ~0.7–1.5%/%, and the R2 are ~0.9 in September and October 
and 0.45 in November. On the other hand, when the wind is northerly, no 
relationship is found between AMC occurrence frequency and RHi values at 
500–600 m or at any other levels (not shown).

As shown in the RFD profiles (Figures 2-4), atmospheric stability below Zb,ceil 
is different between northerly and southerly winds. Therefore, we investigate
the relationship between AMC occurrence frequency and the difference in θe 
(Δθe (500m‐surface)). We also tested using the lower θtropospheric θstability, which is
defined as the difference in potential temperature (θ) between the 700‐hPa 
level and the surface, but no significant relationship was found between 
lower tropospheric stability and AMC properties. AMC occurrence frequency 
is negatively correlated with the 0–500‐m stability for all three months and 
both wind directions, meaning that AMCs are less likely to occur when the 
atmosphere is more stable.

Based on the thermodynamic profiles and the relationship analysis, in 
October, northerly winds transport more saturated and less stable air to the 
ARM NSA site, which favor the formation of AMCs and explains the higher 
AMC occurrence frequency during the northerly wind. On the other hand, in 
September, no significant difference is found between northerly wind and 
southerly wind RHi and stability profiles. Since the AMC occurrence frequency
is negatively correlated with temperature and specific humidity in September
and October, the colder and drier air mass during a southerly wind cannot 
explain the lower AMC occurrence frequency. An explanation for why the 
AMC occurrence frequency is ~20% lower during a southerly wind in 
September requires further investigation.



3.3 Arctic Mixed‐Phase Cloud Microphysical Processes During Northerly and 
Southerly Winds

Similar to Figures 2-4, the radar reflectivity, spectrum width, and Doppler 
velocity are normalized from the cloud base to cloud top in Figure 5. Both 
ceilometer and MPL cloud bases are used as Zn = 0 and Zn = −0.5, 
respectively. In October, the ocean is still mostly open, while the land is 
increasingly covered by snow. Therefore, the comparison between the 
northerly and southerly winds in October should best represent the 
difference between marine and continental air masses and differences 
between open water and snow‐covered surfaces. Additionally, larger 
differences are seen in the thermodynamics between northerly and southerly
winds in October, as shown in Figures 2-4. Therefore, October AMC radar 
profiles are shown here to reveal different processes within the cloud and 
how these processes change with different air masses and surface 
conditions.

At cloud top (Zn = 1), the maximum frequency of radar reflectivity, spectrum 
width, and Doppler velocity are −50 dBZ during a northerly wind (−40 dBZ 
during a southerly wind), 0.25 and 0 m/s, respectively. This result is 



consistent with previous findings in that at the AMC top, the hydrometers are
mostly in liquid form, where AMCs have a more homogeneous distribution, 
and a mean fall speed close to zero (de Boer et al., 2009; Sedlar et al., 2012;
Shupe et al., 2006, 2008; Sotiropoulou et al., 2014; Verlinde et al., 2007; 
Wang et al., 2004).

From cloud top to Zb,ceil (Zn = 1 to 0), all three radar parameters increase, 
which means that ice particles are forming, growing, and falling out of the 
liquid‐dominant layer. From Zb,ceil to Zb,MPL (Zn = 0 to −0.5), which is the ice 
layer in the AMC (as discussed in section 2), radar reflectivity increases until 
the middle of this layer then decreases toward the surface (Zn = −1). The 
Doppler velocity also continues to increase and maximize at the Zb,MPL, while 
spectrum width is constant in this layer. Therefore, ice particles continue to 
grow through collision and riming processes in this layer.

From Zb,MPL to surface (Zn = −0.5 to −1), all radar parameters decrease, 
which indicate the evaporation/sublimation of cloud particles. This 
evaporation/sublimation process agrees with the RHi profile as shown in 
Figures 3c and 3g, as RHi is at supersaturation or close to 100% in the cloud 
layer and it decreases to subsaturation below Zb,MPL. This result also supports 
findings in Qiu et al. (2015), where they found that Zb,MPL distinguished the 
decrease of cloud particle number concentration. The RFDs of the lidar 
backscatter coefficient has also been examined (not shown). The backscatter
maximizes near Zb,ceil with a median value ~50–80 × 10−6/m·sr and sharply 
decreases from 20 to 30 × 10−6/m·sr to 2 × 10−6/m·sr below Zb,MPL. Therefore,
Zb,MPL should be used as the cloud boundary for the AMC, for it distinguishes 
different physical processes above and below, determines the atmospheric 
saturation level, and discriminates the decrease of cloud particle number 
concentration.

Furthermore, right below Zb,MPL during both wind directions, the RFDs of both 
radar reflectivity and spectrum width have higher frequencies in the larger 
value compared with the layer below (Figures 5a, 5b, 5d, and 5e). This 
increase in both signals is possibly due to the deposition of water vapor on 
ice particles, which may be induced by the decrease in temperature near the
sub‐cloud layer (Figures 3a and 3e). The deposition process would also 
explain the decrease in specific humidity in the sub‐cloud layer, as shown in 
Figures 3b and 3f. The RFD of the lidar backscatter also shows higher 
frequency of larger backscatter coefficients in the sub‐cloud layer than the 
layer below (not shown). Therefore, the deposition process increases both 
the number concentration and the size of ice crystals in the sub‐cloud layer. 
This hypothesis needs to be evaluated by in situ measurements. The possible
feedback of the deposition process in sub‐cloud layer on the sedimentation, 
the entrainment of moisture and heat flux, and on the cloud lifetime would 
also need further investigations.

The peak median reflectivity during the northerly wind is ~ −10 dBZ, which 
is 10–15 dBZ larger than the peak in the southerly wind profile. Differences 



(northerly‐southerly) in spectrum width and Doppler velocity are ~ + 0.12–
0.25 and +0.1–0.27 m/s, respectively. Therefore, why do the AMCs have 
larger particle size and stronger precipitation process during a northerly wind
condition? One hypothesis is that when the wind is coming from the north 
and when the ocean is open, the marine air mass being transported over the 
ARM NSA site is less polluted and has a broader size distribution. The larger 
particle size would facilitate collision/accretion, more efficient riming, and 
secondary ice growth in the cloud layer and therefore expedite stronger 
precipitation (Lohmann & Feichter, 2005). During a southerly wind, the 
continental air is rich with CCN and IN; it would reduce the mean particle size
and enhance heterogeneous ice nucleation and produces a narrower size 
distribution, thereby leading to less frequent precipitating events.

Figure 6 shows the joint PDF of specific humidity and radar spectrum width 
for northerly and southerly wind conditions. Only AMC samples are included 
when the radar reflectivity >−57.5 dBZ. For both wind directions during all 
three months, the radar spectrum width increases with specific humidity, 
which indicates that as the available moisture increases, the particle size 
distribution also broadens. Furthermore, in September and October (when 
the ocean is still mostly open), with a certain specific humidity, the radar 
spectrum width has a higher frequency in the larger spectrum width bins 
during northerly winds. This result is consistent with in situ measurements 
over the Arctic, where they found that both springtime mixed‐phase clouds 
and summer liquid clouds had larger particle sizes and stronger precipitation 
process in a clean environment compared with the polluted cases (Lance et 
al., 2011; Maahn et al., 2017). In November (Figures 6c and 6f) as the land 
and ocean are both snow/ice covered, the relationships between spectrum 
width and specific humidity are nearly identical between northerly and 
southerly winds.



4 Summary and Discussions

To fully understand the interaction between surface condition, atmospheric 
properties, and cloud properties over the Arctic in the autumn season 
(September–November), 7 years (2002–2008) of ground‐based observations 
at the Utqiaġvik, Atmospheric Radiation Measurement (ARM) North Slope of 
Alaska (NSA) site, have been analyzed. These data sets have been used to 
examine the frequency of occurrence of the Arctic Mixed‐phase cloud (AMC), 
the cloud heights of AMC, the liquid water path (LWP) of AMC, the 
atmospheric temperature/specific humidity/RHi/stability profiles when AMCs 
are present, and the radar reflectivity/spectrum width/Doppler velocity of 
AMCs. In addition, we investigate whether the above parameters vary with 
different wind direction (northerly versus southerly) and surface condition 
(snow free versus snow/ice). From these analyses, the following conclusions 
can be made:

1. The occurrence frequencies of Arctic mixed‐phase cloud (AMC) are 
42.1%, 49.9%, and 33.8% for September, October, and November, 
respectively. These values are lower than in Shupe et al. (2011) or Qiu 
et al. (2015), as only low‐level AMCs (cloud top <3 km) are focused in 
this study. The ice layer thicknesses, which is defined as the difference



between ceilometer and MPL cloud base heights, are smallest in 
September and largest in October, and the cloud top and ceilometer 
base heights are highest in October and lowest in September. The 
mean LWPs for AMC are comparable in September (135.2 g/m2) and 
October (141.5 g/m2) and decrease to about half in November (74.8 
g/m2). From the relative frequency distribution analysis of the 
temperature, specific humidity, relative humidity, and potential 
temperature gradient profiles, the median value of the air temperature
near the surface decreases from ~0 °C in September to ~ −15 °C in 
November. As the surface gradually becomes covered by snow and ice,
the median specific humidity value decreases from ~3.5 g/kg in 
September to ~1.2 g/kg in November near the surface.

2. Since the Utqiaġvik site is located on the northern coast of Alaska, the 
atmospheric thermodynamic profiles vary with wind direction. In 
September and October, when the ocean is still open, the atmosphere 
is warmer and moister during a northerly wind (from the ocean) than 
during a southerly wind (from the land). Furthermore, as the sea ice 
concentration increases from the northeast of Utqiaġvik in October, the
easterly wind is colder and drier than the westerly wind in October. The
RHi is higher and atmosphere is less stable during the northerly wind, 
which provide conditions favorable for AMCs to develop and sustain. In 
November, as the Arctic Ocean becomes covered with sea ice and 
snow/ice also begin to accumulate on the land, differences in moisture 
profiles between northerly and southerly wind become smaller and the 
southerly wind profiles become warmer. The AMC occurrence 
frequencies in September and October vary from ~30% during a 
southerly wind to ~40–60% for the other wind directions. In November,
the variation is much smaller. We further analyze the relation between 
the AMC occurrence frequencies with temperature (T), specific 
humidity (q), RHi, and θe (500‐m surface). The AMC occurrence 
frequencies in September and October are negatively correlated with 
both T and q at 95% confidence level. AMC occurrence is positively 
correlated with q at 95% confidence in November during the northerly 
wind. The AMC occurrence frequencies during southerly winds for all 
three months are positively correlated with RHi, while they are 
negatively correlated with difference in θe (500‐m surface) at 95% 
confidence for all three months except for northerly winds in 
November.

3. The radar reflectivity, spectrum width, and Doppler velocity profiles are
all relatively small at the AMC top, increase from cloud top toward 
cloud base, and are maximized between the ceilometer and MPL cloud 
bases. While below the MPL cloud base, all three radar parameters 
decrease toward the surface. These vertical profile signatures indicate 
that AMCs are dominated by liquid droplets near the cloud top and ice 
particles start to form and fall out from cloud top to the ceilometer 



cloud base. Cloud particles continue to grow from the ceilometer cloud 
base to the MPL cloud base and begin to sublimate/evaporate below 
the MPL cloud base. Different processes in different parts of the AMC 
are also supported by the RHi and lidar backscatter vertical profiles. 
RHi is at supersaturation or close to 100% near the ceilometer cloud 
base and decreases to subsaturation below the MPL cloud base. The 
lidar backscatter maximizes near the ceilometer cloud base with a 
median value ~50–80 × 10−6/m·sr and sharply decreases from 20–30 
× 10−6/m·sr to 2 × 10−6/m·sr below the MPL cloud base. Therefore, the 
MPL cloud base defines the cloud boundary for the AMC, as it depicts 
the different physical process of cloud particles, the environment 
saturation level, and the decrease of cloud particle number 
concentration.

4. AMCs contain more ice particles and have a stronger precipitation 
process during the northerly wind. This is plausibly due to the marine 
type of air mass associated with the northerly wind being less polluted 
and having a broader size distribution compared with the continental 
type associated with the southerly wind. Therefore, larger particles 
with a broader size distribution would facilitate the collision/accretion 
process and riming and secondary ice growth. This hypothesis can be 
proved by the higher frequency of larger spectrum width during the 
northerly wind compared with the southerly wind in September and 
October (i.e., when the ocean is open). The T, q, and radar reflectivity, 
spectrum width profiles depict the deposition process in the sub‐cloud 
layer below the MPL cloud base in September and October.

AMCs are found to have complex interactions and feedback processes with 
the local environment, cloud microphysics, surface conditions, aerosols, and 
other processes. This study provides evidence on the relationship between 
surface conditions, local environment, and cloud properties at a single 
ground site. Some questions have been raised by this study that may require
further investigations. For example, why is the AMC occurrence frequency 
negatively correlated with specific humidity in September and October? How 
does AMC lifetime relate to precipitation intensity and does AMC during the 
northerly wind with stronger ice precipitation have longer or shorter lifetime?
Future studies may also focus on the aerosol, CCN and IN properties, and the
AMC microphysical properties associated with surface wind directions using 
either aerosol ground‐based observation or in situ measurements or by 
simulating these cloud processes. The sub‐cloud layer microphysical 
processes found in this study also warrant further model simulations on the 
water vapor feedback on AMC and cloud lifetime.
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